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PART I 
-PROGRAM OBJECTIVE , - 'S~IMARY OF RESULTS, 
AND FECOMhZNDATIONS 
. 
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Part I 
The objective of 
. ..". 
Phase I 
dTIVE 
of this program was to study and conceive new 
electro-optical. and stress sensitive junction and integrated circuit 
techniques, to-establish feasibility for their application to digital 
and/or analog pressure transducers and to select the most promising 
approach(es) for Phase 11. 
During Phase I1 the designs of several promising approaches were. 
carried out. The performance 
approaches were determined by 
compared to the design goals, 
7204-F inal 
Part I 
and limitations of the various new 
tests of breadboard configurations and 
1 
SECTION 2 
DESIGN GOALS 
* 
The following general design goal specifications governed this feasi- 
bility study: 
. -  2.1 INPUT 
Pressure range 
Over load 15 psia 
Input voltage 
0.1 psia 5.1 torr f2 x lo-* 
28 f4V dc (or 20-50V dc) 
2.2 OUTPUT 
Output voltage k200 mV unamplified; 0-5V dc 
with signal conditioner 
Static accuracy f0.5% full scale, all effects; 
end to end 
Temperature compensation ' -65 to +250°F 
range Temperature effect on zero - 
f0.5% FS 
fi .o% FS/~OO*F 
Effect of 150X overload 
Output formal Digital and/or analog 
Temperature 
Vibration 
Re sonant frequency 
2.4 WE3GH.T 
-54 to +12loC (175') 
-65 t o  +250°F (315') 
SOg;. 5-2000 HZ 
2 3000 Hz 
Weight 16 oz maximum 
7204-Final 
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s - 
. SECTlON 3 
SU&%Y OF THE PHASE I RESULTS ON ELECTRO-OPTICAL 
Even though some incandescent 1ight.sources have very 
TECHNIQUES 
long lives they 
are high temperature, high current devices which are inefficient and 
impractical for transducers, *The invention and improvement of semi- 
conductor light sources, both spontaneous emission and coherent: 
(lasers), as well as the availability of semiconductor light sensors 
make optical techniques feasible for aerospace instrumentation. 
Silicon light detectors (solar' cells) are considered highly reliable 
space hardware. EOS solar panels have accumulated many thousands of 
hours of operating time in -space flight on many NASA space probes, 
Most of the optical methods for measurement.of the _ -  displacement - or 
angle of a pressure diaphragm are noncontacting or even remote, if 
desired. 
in severe thermal or chemical environments. The mechanical and thermal 
problems of mechanical contact and inertia o r  zero shift due to levers 
or linkages are avoided. 
This allows isolation of the input and output and operation 
The most promising of the electro-optical techniques for use in dia- 
phragn pressure transducers studied during Phase I was the autocollima- 
tor approach. With a semiconductor junction light source and detector 
it offer'ed simplicity, small size, weight, and power demand typical of 
semiconductor devices. The lens of the autocollimator could be used to 
seal the semiconductors outside the pressure chamber. The autocolli- 
mator sensed the angle of the pressure diaphragm and thus was relatively 
insensitive to a change of spacing due to thermal effects. The source 
and sensor could be made from the same semiconductor crystal, perhaps 
including a microelectronic amplifier. No studies are known where the 
8 
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3 
optical detector was a component of an oscillator circuit which would 
change its frequency with light intensity, thus providing a digital 
output 
The semiconductor light source improves with a reduction of temperature. 
Generally, detailed information about the changes of light output or 
light sensitivity of junction devices with temperature is not readily 
available. 
since they probably change from one device to another. 
Detailed sensitivity profiles are also difficult to find 
The grating or interferometer methods are all complex and bulky and 
they require critical alignment and stability. 
be heterodyned also are large , cumbersome, and inefficient. 
moire fringe device, though simple, requires mechanical contact and 
critical alignment, 
The lasers - TJhich- can 
The - -.
t 
8 Possibly some combination of an active moire 
pattern of multislit sources and detectors-could make a practical 
hybrid.rnoire-fringe autocollimator, t 
r 
Various optical absorption, scattering, excitation or ionization 
methods for very low pressure (vacuum) measurement without use of a 
diaphragm were reviewed under NASA Contract NAS8-20736, EOS Report 
7203-4-1, with emphasis on very hard vacuum. 
7204-F inal 
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SECTIOH 4 
SUNNARY OF PHASE I1 EXPERIMENTAL RESULTS i?IT€I 
THE AVL'OCOLLIMATO 
Even though the primary emphasis of Phase I1 experiments were on stressed 
junction se,nsors, a solid state autocollimator pressure transducer was 
also built and tested. This is the first such transducer to utilize a 
semiconductor laser, A laser was selected over the nonlasing light- 
emitting diodes because of its higher efficiency, better collimation, 
narrower spectral distribution, and short pulse duration. 
The only commercially available room temperature gallium arsenide laser 
was used without the benefit of data on the light emission profile. 
Similarly, the EOS microphoto sensor sensitivity profile for 9000A 
was not measured with the-light beamwidth used. 
was checked out with first generation components and the results showed 
feasibility even though the extremes of environmental conditions were 
not included in the tests. 
8 
Instead the system 
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SECTION 5 
Sup.MARY OF PHASE' I RESULTS ON STRESSED-JUSCTION - IhTEGRATED 
A review of the literature disclosed that most previous studies used 
point stress and researchers are just starting t o  explore the bent 
beam or diaphragm method to be able to stress a large fraction of the 
junction areao Only some beam experiments with tunnel diodes, FET's, 
and unijunction transistors have been reported. Tunnel diodes show 
high promise, giving an inherently digital output and extremely high 
frequency capabilities because the fundamental process tunneling is 
much faster than carrier mobility in other semiconductor devices. The 
extensive work of Sikorski on tunnel diodes from different semiconduc- 
tor materials is not well known or referenced by other workers in the 
field. 
r 
The gage factors of the stressed junctions of EOS strain gages turn 
out to be even higher than those reported previously. 
least one to two orders of magnitude higher than thos,e for the piezo- 
resistive effect of the same device. The current-stress curves are 
nearly linear. 
They are at 
The operating point must be selected for optimum gage 
factor. The effect on breakdown current is very temperature sensitive 
an< the operating voltage will need adjustment with temperature to a 
constant zerc strair, curlrent level. Temperature compensation by me- 
chanical prestressed bridge circuits or junctions of different materials 
with opposite temperature coefficients may be achieved. 
The effect of bending stress on transistors, 4-layer switches, FETss, 
unijunction transistors,, and complete microelectronic circuits has not 
been studied extensively. However, the approach was highly promising, 
was studied vigorously during Phase 11, was used as the priaary approach 
for a'contacting, junction type strain sensor pressure transducer. 
I 
.I 
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. SECTION 6 
SUPWRY OF PHASE 11 EXPERIMELTS WITH 
. STRESSED JUNCTION SENSORS 
Most experimental effort concentrated on the junction isolated strain 
gages, which‘were the only semiconductors used in this study designed 
for stress’sensing application. 
which were also explored because of their much lower temperature 
coefficients, However, a Zener diode des’igned for stress application 
was not available. 
n-p-n transistors which could be studied in the future after the large 
They were similar to the Zener diodes 
These diodes represented a simpler approach than 
area stress effect of the single p-n junction has been explored. 
The stressed diode transducers disclosed noise which was not observed 
with the slow dc meters used previously. The sensor’matching was 
difficult because mounting in the pressure transducer resulted in 
changes in its characteristics, Subsequent second order compensation 
by selected temperature coefficients was not performed. Instead more 
effort was devoted to perfection of first order compensation to make 
the second order match unnecessary. 
psi full scale devices using standard components to allow concentration 
of effort on sensor investigation. 
The transducers made were 3 to 5 
The unijunction transistor was the sjnplrst single junction device with 
good temperature stability and with an inherently digital (€requency 
modulated) output because of its negative resistance characteristic. 
Since unmounted chips were not available, only a limited nunber could 
be removed from their cans. 
thin and in the proper crystal orientation they would be much more 
sensitive to stress and suited for integrated circuits. The effect of 
If the new planar UJT devices can be made 
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stress on the unijunction transistor is not just a simple piezoresistive 
.change of the base resistance since stress a l so  changes the junction 
characteristic. 
study. 
The physics of this process requires some additional 
9 
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. SECTION 7 
RECOXNENDATIONS FOR FUTURE WORK 
7 . 1  JUNCTION STRESS SENSORS 
Semiconductor junction sensors offer the highest gage factors of all 
strain gages because of amplification by an avalanche process or by the 
gain of the multijunction device. The effects of large area beam stress 
on these junctions should be studied on devices designed for this appli- 
cation rather than commercial devices for which stress sensitivity is 
minimized. Even the junction-isolated strain gages were not designed 
as junction sensors and had a very much larger area under the contacts 
compared to that under the active junction area. The isolation junc- 
tion was designed for a high breakdokm voltage. 
application the junction should have a low breakdown voltage of 5 to 6V. 
The noise characteristics of these sensors have not been studied. 
For-stressed junction 
Temperature-compensated Zener diodes may be more attractive because of 
a possible wider operating range. These devices were only tested in a 
constant current operating mode, not constant voltage. The current 
level was selected for a l o w  temperature coefficient rather than a high 
gage factor. 
operating conditions were not available to optimize the operating point. 
Only one type of chip was available fron or.? manufscturer, 
- 
Stress sensitivity measurements over a wider range of 
A better 
device could be made for stress sensor application, for an even lower 
Zener (knee) current, by selection of the crystal orientation, 
resistivity, junction character, and geometry or even by choice of semi- 
conductor material. 
experiments . 
Only silicon devices were included in the present 
. 
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After some of the required measurements on single junction devices, the 
multijunction devices should be studied, especially four-layer switches, 
FET's and NOS'S which like the unijunction transistor and the tunnel 
diode, are suited for simple oscillators and give FM output. * 
7.2 TRANSDUCER MECHANICAL DESIGN 
The most important problem in the use of junction sensors in low pressure 
transducers has been the attachment of the relat-ively thick chip to a 
beam or a diaphragm. 
would ease the problem. 
cementing methods, the zero and 'hysteresis instability make the design 
of 0.1 psia full scale devices difficult. 
Glass-Si02 cement may be required for the thicker junction devices. 
mounting technique relates to the question of prestressing the device 
Availability of much thinner (less than 201-1) chips 
However, even with 1OV chips and the best epoxy 
. - .  
-- - -  _. ~ 
Epoxy creep is a problem. 
The 
to improve its linearity or to compensate for temperature effect by a 
choice of beam material and mounting temperature. 
Some junction devices may operate better in a different design. 
example, the unijunction may best be stressed by applying force to the 
alloy junction lead (even though this lead has been very brittle). 
For 
7.3 EIXCTRONIC C I R C U I T  DESIGN 
The present approach was (1) to select sensor devices with minimum 
temperature coefficient, (2) to use a matched pair so that remaining 
temperature effect cancels and stress effects add, and (3) to compensate 
for second order effects in the electronics. The circuits were usually 
differential, giving analog output. 
only the sensor to temperature, even though the circuit was designed to 
operate over the sane wide range of temperature. 
could be optimized by a deviation from a constant voltage operation, 
Experiments in this study submitted 
The operating point 
7 204-Final 
Part I 
10 
m 
possibly even to the negative load line suggestion in Part 111. The 
noise characteristics and bandwidth should be improved and tested. If 
the sensors are improved so that the constant operating voltage does not 
have to be shifted considerably with temperature, the analog 'kmplifier 
circuit could be considerably simplified. The effect of amplifier com- 
ponent temperature coefficients should be considered and included in the 
tests. 
The circuiks for frequency modulated, pulse-duration-modulated or pulse- 
code-nodulated output were not adequately studied. 
be available as integrated circuits. 
combined with the stressing of selected amplifier elements. This was 
premature for this study since not enough was known about the effect 
Some of these may 
The junction sensor could be 
of large area strain on the indiv.idua1 devices. Closer contact should 
be sought with the integrated circuit fabricators even though most of 
them would not be interested in the custom design and fabrication of a 
prototype strain sensoro 
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RESEARCH AND DEVELOPPENT OF, A 
NEW TECHNIQUE FOR SENSING PRESSURE 
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E LECTRO - 0 PT ICA L TECHNIQUE S FOR PRE S S UliE MEA S UKE ME NT 
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TIE AUTOCOLLIMATOR 
1.1 THE CONXON (LENS) TYF'E 
The autocollimator measures very small (0.01 sec to 5 min of arc) angular 
deflections of a mirror using a slit light source and a light detector at 
the focal point of a lens. 
The autocollimator was conceived by astronomers for testing of telescope 
lenses (Ref. 1). The Tuckerman 'autocollimator was designed for optical 
strain.gages and high temperature extensometers (Refs. 2, 3, and 4 ) .  
More recently the autocollimator has been used for checking stability of 
gyro-platforms, measuring prism angles, checking surface flatness, etc. 
Repeatability of 0.01 sec of arc or 0.5% can be expected over a Et10 sec 
range with 
focal length. 
a 34 inch focal length, or f l O O  sec range with a 3.4-inch 
The linearity is 0.3%; 
The light source, detector, and lens form a single unit, which can be 
made very rugged and small by the use of semiconductor junction light 
sources and detectors, The light beam not only provides the "optical 
lever,"which has no mass, inertia, or backlash, but at the same time 
allows isolation and remoteness between the mirror (input) and the 
detector (output). A change in the lens-to-xirror distance, the optical 
lever, does not change the focus but only affects the total displacement 
of the image for'a given angular change, Semiconductor junction light 
detectors are available with sensitive widths of 0.0002 to 0.010 inch 
and a 1OOO:l resolution within this width. 
The basic principles of a parallel beam autocollimator are illustrated 
in Fig. 1. A light source and a detector are positioned in an optical 
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mirror or p m is arranged so that a single lens can be used for both 
the source and the detector. The light from the source passes through 
* .  the s.lit and then is reflected from the front of the mirror through 
the lens to the sensing mixor. The beam is reflected back from the 
sensing mirror through the lens and the beam-splitter to the detector. 
The detector and light source are both positioned at the focal point 
of the lens, so that the center of the detector is illuminated. 
. .  . 
The use of the parallel beam autocollimator system as a transducer 
element can be seen by examination of Fig. 2. In that diagram, the 
"rest" position of the sensing rays is normal to the fight beam. 
d 
If 
the sensing mirror is rotated through a small angle 9, the image ray 
will be deflected through twice that angle, 29, resulting in a shift 
of the image on the detector surface. 
be. fabricated to resolve light beam displacements of a few microinches, 
this arrangement results in a very sensitive measuring instrument. 
Since optical detectors can 
The autocollimator has several key advantages 5or instrumentation 
applications : 
- 
a. Remoteness - It is noncontacting, needs only a light- 
reflecting surface or coating. 
b, Senses angle, rather than displacement and thus is leis 
sensitive to thermal expansion, drift, or linear vibration. 
C .  Simplicity - A single lens is used. The focus is not de- 
pendent on the sensing mirror distance. 
d. Ruggedness - The semiconductor light source, detector, and 
lens can be assembled as a single fixed unit. 
e. Versatility - Many variables can be measured, including pres- 
sure, temperature, force, and torque. The sensing mirror 
may be remotely located for high temperature measurements, 
mounting on moving equipment, etc. 
7 204-F ina 1 
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The autocollimator structure can be used without the beam-splitter if 
the light source and the detector are placed next to each other in the 
focal plane of the l e n s  (Fig. 3) .  This simplifies the structure some- 
what, but requires a better lens to maintain high off-axis resolution. 
A number of different detector configurations can be used to obtain 
different output characteristics; some typical examples are illustrated 
in Figs. 4 ,  5 ,  and 60 The detector is a p-n junction silicon solar 
cell, with two or more sensitive areas diffuse'd simultaneously for use 
as a balanced detector. 
type, shown in Fig. 4 ,  for several years, with less than 1 mil spacing 
between the two sensitive areas- With such close spacing and high- 
quality optics, a light beam deflection of approximately 3 mils can 
EOS has fabricated photocells of the MPS 100 
produce a full-scale output swing. This displacement corresponds to 
approximately a 3-minute rotation of the sensing mirror of Fig. 1, 
assuming 2-inch spacing between the detector and the sensing mirror. 
The high-sensitivity detector of Fig. 4 may be too sensitive for many 
applications. Where lower sensitivity is required, the configuration 
, of Fig. 5 can be used to provide a linear output. 
A third detector configuration which might be used is shown in Fig. 6 .  
In this case, the detector contains several photocells arranged in a 
coded array to provide direct digital output. An eight-bit binary 
code is shown for simplicity, but a less ambiguous format, such as 
.Gray code, lzCght be more satisfactory in practice. 
fabrication techniques, it should be possible to construct a 10-bit 
detector (0.1% of full scale) on a 1-inch chip of silicon. 
With present 
1.2 THE PRISM TYPE 
H&H Controls of Burlington, Massachusetts, manufactures an autocolli- 
mator claiming angular detection sensitivity of less than 1 second * 
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Figure 4 .  
Figure 5.  A Wide Angle Detector 
0 1 2 3 4 5 6 7  
4 
1 
AI 
- 
0 1 2 3 4 5 6 7  
7362 9 503 
Figure 6 .  A Digital  Detector 
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of arc, with noise level of 
distance, The optical sensor is an isosceles pris cut at the critical 
angle (41.5O for the glass used). 
perpendicular to the base of the pr 
and the two photocells on the side 
With some deviation from the normal 
of the prism starts to transmit while the other still continues to 
reflect. ,Thus the device not only detects a deviation but also the 
'direction of it. 
tance between the focusing lens and the detector of the device which 
No focusing lens is needed'; ihere is no optical dis- 
could be disturbed by thermal expansion or mechanical vibration. 
isting sensors occupy about 1 cubic inch and-weigh 1 gram, but both 
volume and weight could be drastically reduced, possibly at the expense 
of sensitivity. An autocollimator of this type which consumes roughly 
Ex- * 
.. 
2 watts of power could be adapted to the pressure transducer application. 
1.3 S O L I D  STATE AUTOCOLLIMATOR PRESSURE TRANSDUCER DESIGN 
A pressure transducer design as shown in Fig. 7 with a 0.001 inch thick 
flat diaphragm fixed at the edges and tensioned to 8 lb/in. was analyzed 
to have a 0,0003 inch deflection at 0.1 psia for a 0.35 inch radius. 
This is an angle of 3.14 minutes of arc for zero curvature. The actual 
angle at the half radius may be nearly twice a s  large since at -the 
center and near the edge it approaches zeroI The curvature at the half 
radius is zero since this is an inclination point. 
radius chmgs; with deflection or pressure. This angle is measured 
by the autocollimator. 
linearity of the elastic properties of the diaphragm. 
The angle at.half 
The deflection is sufficiently small to insure 
The typical autocollimator is capable of measuring 0.1 second of arc 
over a 200 sec range (3 .3  min) with 0.5% repeatability, and is well 
suited for  this application. 
t 
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If the diaphragm itself is polished or plated to a mirror finish, one 
can estimate that a light spot size can be of R/6 diameter before the . 
curvature would give an appreciable error. This means that the lens 
and light source area mst be small. 
To protect the diaphragm against the 15 psi overpressure, a stop would 
be provided beyond the total deflection point. For the absolute'pres- 
sure transducer the inside chamber would be evacuated to at least 
P2 < 0.0001 psia or torr. Evacuation and sealing at 10 torr 
after bake-out of the cavity is possible prior to mounting of the 
autocollimator assembly with its semiconductors and leads. A part of 
the cavity could be coated with an active gas gettering material fol- 
lowing the practice used in electron tubes. 
an active filament could be installed for periodic replenishment of the 
-6 
For extremely long life 
getter material. 
With the 0.35 inch radius, 0.001 inch thick diaphragm, and a 0.005 inch 
active width of a single junction light source, and a double junction 
light detector of 0.010 inch active width, total optical deflection is 
achieved for an image-to-mirror distance of about 0 . 5  to 1 inch. 
The natural frequency of the diaphragm depends upon its dimensions and 
tension, 
frequency was between 1.3 and 1.7 kHz. 
For convoluted diaphragms of similar dimensions the natural 
For a stiffer flat diaphragm 
it can be made to exceed 3 kHz. 
.given in previous reports like Ref. 5 .  
The details of diaphragm design are 
The Barry Instrument Corporation just announced (Ref. 6) the first 
autocollimator using a solid state light-emitting diode and a photo- 
sensitive FET instead of the incandescent or glow discharge lamp and a 
high voltage photomultiplier. This device has a 200 arc sec range 
with 0.1 sec accuracy. The GaAsP diode light source requires only 
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. . .  
milliwatts of power. 
a 10 mA, f20V regulated power supply. 
A light-sensitive FET and preamp are run from 
1.4 LASER AUTOCOLLIMATOR 
The use of a semiconductor laser instead of a light-emitting diode has 
the following advantages: 
0 
a. The laser light is more monochromat$c (5-10A wide band in- 
stead of 600A), reducing the error . _ .  due to color dispersion, 
b. The laser is more efficient since more of the light emerges 
before it can be absorbed. 
efficiency (change in the number of photons emitted for a 
given change in electron current) ‘can be as high as 70 to 
100% at LN2 temperature, or 20 to 50% at room temperature 
for a GaAs laser, while for the spontaneous emission diode 
emission diodes (which do not lase) can have quantum effi- 
ciencies up to 6% at room temperature. 
The laser light is more collimated. 
light into a 5O angle without a lens, while a diode gives a 
ISo angle with reflector and lens. 
and allows synchronous ac detection techniques. 
micron-wide line near the p-n junction. Most commercial 
spontaneous emission diodes use reflectors and lenses, and 
The differential external quantum 
?-t?Z--only 0.1% at room temperature. Optimum spontaneous 
- . - -- - - - - - - - __-_ -- - - ._ - I 
C. The laser line emits 
d.  The high power pulse enables larger signal-to-noise ratios 
e. The laser light-emitting area is concentrated in a few- 
result in a broader area source. .. 
f. The life of a GaAs laser is expected to be over 10,000 hours. 
The diffused laser diodes slowly decrease in efficiency but 
there is no catastrophic failure as with the incandescent 
light source e 
The only comercially available semiconductor laser designed for 
operation at -room temperature is the 2W RCA TA2628 GaAs diode. This 
diode emits 9050-!- *50-: light with a maximum pulse width of 200 nsec, 
at repetition rates of below 1000 Hz. 
an average light output power of 0.4 mW, or an electrical input of 
below 80 mW. 
The duty cycle is 0.02% giving 
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The autocollimator was made with the GaAs laser, a 2.5 cm focal length 
lens, and the EOS f.D?lOO silicon microphotosensor. 
The transducer diaphragm is 5.6 cm in diameter. The lens diameter is 
1.25 cm, which is too large for the desired 116 ratio of radii. With 
.a loo@ load resistor for each photocell the output for 0.1 psi was 
The total 
The above 
15 mV, for a lens-to-diaphragm distance of about 3.5 cm. 
voltage available without amplification is about 500 mV. 
arrangement had a full scale sensitivity'of abdut 3 psi. The same 
arrangement would have 0.1 psi full scale deflection at a lens-to- 
diaphragm distance of 100 cm, which is typical for the 200 arc sec 
autocollimator, but too large for an aerospace pressure transducer, 
A reduction of the lens diameter to 0.4 cm, a reasonable increase in 
lens-to-diaphragm'distance.to 10 cm, and a reduction in the width of 
light emission and detection area should result in a 0.1 psi design. 
When remote sensing requires a longer distance, the sensitivity can be 
adjusted accordingly. 
. - 
. - .  
The laser autocollimator transducer is shown in Fig. 8. Figure 9 shows 
the laser pulse circuit. The mechanical design incorporates - -  an arrange- 
ment for turning the laser to align the light source with the sensor and 
for linear and angular displacement of the laser, lens, and diaphragm. 
f .  
, .  
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Figure 8.  Laser Autocollimator Transducer 
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Wheq two beams of light are sufficiently monochromatic (coherent) they 
may interfere to give rise to interference fringes. 
method has been used for the measurement of 
testing, microscopy, and interference .spectroscopy. In metrology, 
interferometers have been used for the precise measurement of lengths. 
For distance measurement, resolution and speed of measurement (frequency 
response) are secondary to accuracy. 
The interference 
index of refraction, lens 
. I  
For pressure transducers the reso 
important and are considered below. 
on and frequency response are 
2.1 SELECTION OF THE INTERFEROMETER AND U S E R  
Figures 10 through 12 illustrate three of the more basic interferometer 
configurations. 
(Bl, etc.), the heavy bars represent totally reflecting mirrors <.)l, 
etc.), and the arrows indicate the direction by which light enters and 
leaves the instrument. The Mach-Zehnder interferometer is, optically, 
the most versatile (Ref. 7) because angular and linear separations of 
the emcsgeat beams, as well as the path difference, are individually 
'adjustable, The Michelson interferometer' is degenerate since the 
angular and linear separations are not individually adjustable. The 
cyclic interferometer is more degenerate, and a change in path differ- 
In all cases the dashed lines represent beam-splitters 
ence also causes a change in beam separation. 
For the measurement of length, the Michelson interferometer and its 
various modiffcations are most frequently chosen. Both mirrors are 
perpendicular to their respective paths and can be displaced to vary 
* 
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Figure 11. Michelson Interferometer. 
Figure 12. Cyclic Interferometer 
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the path difference without affecting linear or angular. separation of 
the emerging beams. Referring to Fig. 11, if the eye or a small 
telescope is used to examine the emerging beams, interference fringes 
v 
* will be seen. If one of the mirrors, say M1 moved perpendicular 
to its plane the appearance of the fring 
of the change in appearance of the fring 
7 
the distance through which M1 has moved. Alternatively, the second 
mirror, M2, can be displaced by a calibrated screw until the fringes 
.return to the appearance exhibited prior to the displacement of M1. 
The known displacement of M2 is then equal to the displacement of M1. 
It is frequently desirable to place a reference surface near the dis- 
placing surface. In this way it is possible to sense differential 
displacement between the two surfaces. Thermal and environmental 
errors then appear as common mode signals in series with each leg of 
the measurement. 
A modification of Michelson's interferometer that accomplishes the 
desired result is shown in Fig. 13. In this arrangement M 3  reflects 
the upper path 90° so that it is parallel to the lower path over the 
major portion of their lengths. A pair of corner reflectors, M4 and 
M5, are inserted in the lower path and arranged to make its length equal 
to that of the upper path. 
to the reference structure and let M1 be the "moving" mirror attached 
to the structure whose displacement it is desired to measure. 
any path difference produced by a displacement of M1 can be rebalanced 
Let M 2  be a "stationary" mirror attached 
Then, 
by a compensating movement of MS. 
The complexity of Fig. 13 can be avoided if the optical path lengths 
of the interferometer are small. 
then the reference surfaee and the displacing surface (e.g., M2 and 
M1 in Fig.ll) will be close together of necessity. The size of prac- 
If they are made sufficiently smalls 
tical optical components (i.e., beam-splitters, mirrors, etc.) places .. 
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Figure 13. Modified Michelson Interferometer 
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a physical restraint on the 
i n  designs such as those sho 
The Fabry-Perot interferomet 
that can be arranged to have quite short 
form of the Fabry-Perot 
mirrors facing each other,.as shown in Fig. 14. For electromagnetic 
.waves (such as light) trapped between the mirrors, there will be cer- 
tain resonant modes that depend primarily on the cavity length, L. 
Two more practical forms are shown in Figs. 15 and 16. 
In Fig. 15, two partially transmitting mirrors are used. A beam of 
light enters from the left, undergoes multiple reflection between B1 
and B2, and emerges on the right. Actually some energy is lost by 
transmission out of the cavity at each reflection. 
L, is close t o  some integral number of half-wavelengths of the entering 
light, then the waves within the cavity due to successive reflections 
will be subst,antially in phase and the transmission will be high. If 
L is close to some odd number of quarter-wavelengths, then the waves 
due to successive reflections will be substantially out of phase and 
the transmission will be low. Typical curves (Ref. 8 )  of transmittance 
a s  a function of effective cavity length with amplitude reflection fac- 
tor, s, as a parameter'are given in Fig. 17, The curves show the 
If the cavity length, 
region between the n and ni 3- 1 modes. For plane-parallel mirrors i 
the dominant transverse electromagnetic modes (TEM ) are those pos- 
sessing e-irer! zadial symmetry and consist'of an infinite number of uni- 
formly spaced resonant frequencies (Ref. 9 )  given by 
00 . 
ne f = -  2L 
where f i s  the frequency in hertz, c is the velocity of light in meters/ 
second, and L is the distance between the mirrors in meters. The 
\ 
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Figure 15. Fabry-Perot Interferometer 
Using Two Beam-Splitters, or 
Partial ly  Transmitting Mirrors 
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reflection factor, s,  is 
tensity of the light no 
Figure 17 indicates that transm 
shown in Fig. 15 is a function of mirror dis 
could be applied to the 
the mirrors. The form shown in Fig. 16 might be applied to the mea- 
surement o f  pressure by affixing mirror M to the back (unwetted side) 
of a pressure-sensitive diaphragm. 'In this case, the light beam enters 
through B from the left, undergoes multiele reflections between B and 
Ma and emerges through B, again on the left. The entering and emerg- 
ing beams are shown at a small angle for clarity. 
would produce a deflection of M, and result in a change of cavity 
length, L. 
A change in pressure 
The new cavity lengt 
mission or by the change in frequency of the resonant mode. 
lowing subsection considers means of obtaining an electrical output 
The fol- 
.. . - 
that is a function of transmission or resonant frequency, and hence 
pressure. 
Referring to Fig. 17 and the equation for the mode frequency given 
above, it will be seen that the frequency spacing between the n and i 
n i- 1 modes will be i 
C Bf = - 2L 
In order to measure the transmittance of the interferometer shown in 
Fig. 16, the illuminating light must have a spectral line width that 
is small compared to Af. A quite small cavity (say, L = 0.5 mm) might 
have a mode spacing on the order of 3 x 10 
tance might 'be measured using a source of line width 3 x 10" hertz. 
11 hertz, and its transmit- 
\ 
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This line width corresponds 
to the mode spacing of typical 10 to 20 mil 1 
Thus, if such a laser were used as the light 
be capable of single mode operation. As disc 
presently available semiconductor lasers are 
mode operation at room temperature, and a good gas laser would be 
required. 
Even with a gas laser source a serious limitation remains. The change 
in effective cavity length required to move from one maximum of the 
transmittance curve to another, is one half wavelength, or on the order 
of 20 microinches for the example discussed. 
of the curve, the measured displacement would have to be limited to 
half this value, or 1 0  microinches. 
Because of the symmetry 
This is far below the full-scale 
. deflection of any practical pressure sensor. Such values are not 
feasible because serious thermal and other environmentally induced 
zero shifts result from displacements. 
The frequency of the modes could be determined by illuminating the 
structure of Fig. 16 with a variable wavelength light source and ' 
observing the location of the intensity maxima in the emerging beam. 
The.variable wavelength light source might be a frequency modulated 
laser or a scanning monochromator. Lasers cannot be modulated over 
a sufficiently wide frequency range to handle practical displacements. 
Monochromators of sufficiently fine line width have completely unrea- 
sonable 'package sizes. 
0 
2.2 EVALUATION WITH RESPECT TO TRANSDUCER DESIGN GOALS 
This subsection briefly describes the potential of pressure transducers 
based upon interferometric displacement sensors in meeting transducer 
design goals. 
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The interferometer can use 
The 15 psia overload req 
relation of the 0.1 1bf/ 
,Careful. mechanical and o 
the 0-5V dc output, f0.5 
the temperature range of -55 to +25OoF. 
'Pressure sensors that wi 
have resonant frequencies greater than 3000 Hz can be designed. How- 
ever, if they are to provide __. - reasonable deflections (e.g., 10% to 20% 
thickness in the case of a flat plate) they cannot be loaded with ex- 
ternal masses. All of the interferometers considered here require mir- 
rors with flat optical surfaces. Thus, the surface of the pressure 
sensor cannot be used as a reflector, but rather, a separate mirror 
must be attached to it. This will either cause the first resonance 
to be below 3000 Hz, or will require a large diameter (perhaps 6 inches) 
pressure sensor. 
It does not appear feasible to even approach the weight goal of 16 
ounces. The Blichelson interferometer requires that the moderately 
spaced components be mounted on a substantial structure. The more 
closely spaced componerits of the Fabry-Perot would require a less 
massive structure, but demand a laser light source. Either approach 
would require complex output electronics. 
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A grating strain gage based on Fraunhofer diffraction has been used to 
make dynamic measurements of strain in the plastic range (Ref. 10). 
Parallel rays of monochromatic light were allowed to fall on a ruled 
grating as shown in Fig, 18 .  This figure is only a schematic and, 
,in general, lenses would be required to autocollimate the source, and 
to focus an image of the grating on the detector. 
which the ruled grating has been applied is strained along its longi- 
tudinal axis, the grating spacing will be changed. This will produce 
a change in the angle, 8 ,  at which constructive interference is ob- 
If the member to 
served. 
be converted into an intensity variation. 
By proper masking at the detector, the angular deflection can 
A grating.of slits could 
equally well be applied to a transparent structural member, as shown 
in Fig. 19. 
All grating strain gages reported in the literature since Bell (Ref. 10) 
have made use of moire fringe effects (see Section 4 ) .  
considers the magnitude of the effect and suggests why it has not been 
The following 
more widely applied. - .  
For the case shown in Fig. 19 the general equation (Ref. 11) for the 
angular position of the intensity maximi? 5s  
e(sin i + sing) = mX 
.c 
where e is the distance between slits, i is the angle of the incident 
rays, $.is the angular location of the maxima, m is an integer denoting 
the order of the line, and 1 is the wavelength of light. 
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SLIT GRATING 
STRAINED MEMBER 
Figure 19. S l i t  Grating Strain Gage 
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, 
* radius. 
Thermal effect on the mechanical supporting structure may cause lateral 
displacements of the source or the detector. 
duce spuriouS changes in the angles i and 8. 
minimized by bringing the source and detector as close t o  the grating 
as possible. 
limit of, say, 1 inch on this distance. 
placement of 0.2 x 
put. 
displacements of the various mechanical attachnents should be control- 
led to 0.2 microinch, The order of the diffraction line examined could 
This will in turn pro- 
These effects may be 
The size of the required optics would place a lower 
In this case a.latera1 dis- 
inch would produce a full .scale change in out- 
If repeatability is to be 0.1% of full scale then the lateral 
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magnitude increase i n  f u l l  scale  A0 would o 
It does not appear that t h i s  
. I  
. .  
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Moire f r i n g e s  (Refs. 12 and 13) are produced by two o p t i c a l  transmission 
g r a t i n g s  superimposed upon each o the r  a t  a s l i g h t  angle. Usually they 
are made from t h e  same d i e  t o  compensate minor e r r o r s .  An incandescent 
l i g h t  source is  used s i n c e  t h e r e  i s  no need for-monochromatic l i g h t .  
Gratings wi th  up t o  10,000 l i n e s  per  inch have been used and t h e  reso- 
l u t i o n  is  l imi t ed  t o  about t h e  d i s t a n c e  between t h e  ru l ings  ( i n  t h e  
above example , l / l O , O O O  of an inch).  
The b r igh tness  d i s t r i b u t i o n  of t h e  f r i n g e s  takes  t h e  complex form 
where B ' s  are t h e  amplitude f a c t o r s  and W i s  t h e  per iod  of t h e  primary 
. -  
s i n e  t e r m ,  1/2W is t h e  period of t h e  secondary, 1 / 3 W  t h e  per iod .of  
t e r t i a r y  t e r m ,  etc. The d cons tan ts  i n d i c a t e  t h e  pos i t i ons  of m a x i -  
mum i n t e n s i t y  of t h e  va r ious  c o n s t i t u e n t  f r inges .  The r e l a t i v e  ampli- 
tudes of t h c  terms il l  t h e  series depend upon t h e  groove form of t h e  
g r a t i n g s ,  t h e  d i s t ance  between them and o t h e r  circumstances of obser- 
0 
vation. 
t o  reduce t h e  h igher  harmonics. 
a higher  accuracy i f  they are recognized as h igher  harmonics. 
preclude any ex t r apo la t ion  between f r inges .  
Usually i t  is  d e s i r a b l e  t o  have a l a r g e  B1 and s m a l l  B2, e t c .  , 
Presence of higher harmonics may allow 
They may 
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A t y p i c a l  o p t i c a l  system us 
l ens  and a l i g h t  d e t e c t o r  a t  t h e  f o c a l  po in t  
of t h e  g r a t i n g s  i n  angle and d i s t anc  
is more complex and l a r g e r  than t h a t  
t h e  la t ter  doubles t h e  l i g h t  pa th  by r e f 1  
moire f r i n g e  transducer is a f r i n g e  
of t h e  autocollimator.  
A moire f r i n g e  angular transduce 
systems has a high 1 arc-second accuracy, bu t  low 5 arc-minute reso lu-  
t i on .  The celest ia l  t r a c k e r  uses  a ru l ed  2 inch diameter d i s c ' w i t h  a 
m u l t i l i n e  de t ec to r  arrangement ex t rapola ted  between f r inges  t o  a high 
r e s o l u t i o n  of 1.24 arc-seconds. E i the r  a minia ture  incandescent lamp 
(estimated l i f e  of 10 years) o r  a gall ium a r sen ide  diode se rves  as t h e  
l i g h t  source wi th  fou r  matched photoconductive photoce l l s  as de tec to r s .  
The f r i n g e  p a t t e r n  e x h i b i t s  a s inuso ida l  v a r i a t i o n .  This is  a l a r g e  
9 
and r e l a t i v e l y  complex device. 
D i g i t a l  output has been produced by t h i s  method (Ref. 15); however, 
t h e  angular alignment w a s  extremely c r i t i c a l .  
The moire f r i n g e  p a t t e r n s  must be i n  c l o s e  proximity t o  each o ther .  It 
i s  not a remote method.. The c r i t i c a l  alignment problems of t h e  two 
g ra t ings  i n  spacing and angle ,  t h e  requi red  co l l ima t ion  of l i g h t  and 
transmission opera t ion  make t h i s  method i n f e a s i b l e  f o r  a rugged, simple, 
and noncontacting o p t i c a l  transducer.  
4.1 THE FIBER OPTICS PROXIMITY SENSOR 
A f i b e r  bundle noncontacting proximity sensor made by Mechanical Tech- 
nology, Inc. claims a r e p e a t a b i l i t y  of 2 x 10 inch over a d i s t ance  -7 
of 
t o  0.245 inch. 
of 0.004 t o  0.125 inch. 
inch. Bundles of 25 t o  2000 f i b e r s  have diameters from 0.019 
They have a *5% l i n e a r i t y  of displacement f o r  ranges * 
. 
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A l i g h t  source is loca ted  a t  t h e  end of about h a l f  of t h e  f i b e r s .  The 
o the r  h a l f  conducts r e f l e c t e d  l i g h t  t o  a photoce l l .  As t h e  d i s t ance ,  
t h e  angle ,  o r  shape of t h e  r e f l e c t i n g  s u r f a c e  changes, a d i f f e r e n t  
f r a c t i o n  of t h e  l i g h t  is  r e f l e c t e d  back t o  t h e  photodetector.  The 
f i b e r s  can be  d i s t r i b u t e d  a t  random, i n  a semicircle, o r  concen t r i ca l ly .  
- 
. ,  . 
. -  
For the pressure  t ransducer  one may p r e f e r  a square bundle wi th  l aye r s  
of sending and rece iv ing  f i b e r s .  
s e n s i t i v e  t o  both ang le  and d is tance .  
Subsection 1.1 t h e  medium bundles with semic i rcu lar  p a t t e r n  are capable 
of a t o t a l  s i g n a l  of 9V f o r  a 3 x lom4 inch displacement. 
ment r equ i r e s  no lenses .  Power and weight s p e c i f i c a t i o n s  - were not  
This would make a f r i n g e  p a t t e r n  
With t h e  diaphragm described i n  
This arrange- 
ava i l ab le .  
4.2 INTEGRATED JUNCTION LIGHT SOURCE-DETECTOR AUTOCOLLIMATOR 
Ins tead  of us ing  a s i n g l e  l i n e  source-detector one can u s e  a s i n g l e  
semiconductor ch ip  with a l t e r n a t e  l i n e s  of l i g h t  sources and de tec to r s .  
With a l ens  these may be  loca ted  an inch from t h e  diaphragm as described 
before. 
A t  d i s t ances  comparable wi th  t h e  f i b e r  bundles these  source-detector 
combinations should g ive  s imilar  s e n s i t i v i t i e s  without any l enses  o r  
f i b e r  bundles. 
7204-Final 
P a r t  I1 
29 
% 
The laser i s  
_ .  
an  o p t i c a l  
. .  
t h a t  conta ins  an o p t i c a l  medium wi th  gain. 
resonances, t h e  medium provides ga in  of a value s u f f i c i e n t  t o  equal 
c a v i t y  lo s ses  , o s c i l l a t i o n  occurs. The frequency i s  determined l a r g e l y  
by t h e  dimensions of t h e  cavi ty .  Most f requent ly  t h e  cav i ty  c o n s i s t s  
of a p a i r  of mir rors  arranged t o  form a Fabry-Perot in te r fe rometer .  A s  
discussed i n  Sec t ion  2 ,  t h e  s imples t  form of t h e  Fabry-Perot cav i ty  i s  
I f ,  at one of t h e  c a v i t y  
! . .  
, 
a p a i r  of p lane ,  p a r a l l e l  mir rors .  
I f  t h e  c a v i t y  is  s t r a i n e d  (e.g., i f  t h e  mir ror  spacing is  varied) the 
o s c i l l a t i o n  frequency changes. 
s t r a i n e d  laser and an uns t ra ined  l a s e r ,  a d i f f e rence  frequency pro- 
po r t iona l  t o  s t r a i n  (and hence displacement) i s  obtained. 
By heterodyning t h e  outputs  of a 
5.1 LASER TYPES 
The r e s o l u t i o n  of a laser heterodyne displacement sensor depends on 
t h e  coherence and s t a b i l i t y  of t h e  outputs  of t h e  two l a s e r s .  O f  t h e  
var ious  design f a c t o r s  t h a t  a f f e c t  coherence, t h e  most important is  
t h e  choice  of t h e  l a s e r  i t s e l f .  Lasers may b e  broadly.grouped i n t o  
t h r e e  classes: (1) c r y s t a l l i n e  and g l a s s  s o l i d  lasers, (2) gas lasers, 
and (3) semiconductor i n j e c t i o n  lasers. 
o f f e r  t h e  h ighes t  power and s h o r t e s t  pu lse  lengths .  
are t h e  most e f f i c i e n t ,  o f f e r i n g  high c w  power. The semiconductor 
laser is  t h e  most compact w i th  convenient e l e c t r o n i c  r a t h e r  than op t i -  
cal pumping. 
Ruby, YAG or  Nd s o l i d  lasers 
The gas l a s e r s  
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l i n e  s o l i d  l a s e r s  t h a t  can be  operated i n  a 
material (Ref. 17) t h e  l i n e  widt 
kHz when cooled t o  l i q u i d  n i t rogen  temperatures. 
gene ra l ly  have g r e a t e r  l i n e  widt 
- .  
Gallium a r sen ide  diode i s  the  mo 
I t s  lowest repor ted  l i n e  width (Refs. 19 and 20) is  150 kHz i n  t h e  case 
of a 250 mW laser cooled t o  7'K. 
laser has  been changed by hydros t a t i c  (Ref. 21) and u n i a x i a l  p ressure  
The l i g h t  frequency of t h e  GaAs diode 
(Ref. 22) o r  magnetic f i e l d  (Ref. 23). Uniaxial stress w a s  repor ted  
to i nc rease  GaAs laser l i g h t  i n t e n s i t y  by as much as 40% (Refs. 24 
and 25) 
The s p e c t r a l  p u r i t y  of present  gas lasers can be  made t o  f a r  surpass 
t h a t  of o t h e r  types.  
to have had a shor t - te rm s t a b i l i t y  of b e t t e r  than  2 Hz. Not only are 
gas lasers a b l e  t o  provide a h ighly  coherent ou tput ,  bu t  t h e i r  design 
is w e l l  understood, a t  least  from an engineering poin t  of view. These 
two f a c t o r s  make t h e  gas laser t h e  only p re sen t ly  a v a i l a b l e  choice f o r  
The f i r s t  helium-neon laser i s  repor ted  (Ref. 26) 
' 
a laser heterodyne displacement sensor. 
5.2 HETERODYNING OF GAS LASERS 
The phys ica l  form of a t y p i c a l  gas laser i s  shown schematically i n  
Fig. 20. I n  t h i s  f i g u r e ,  mir ror  M1 i s  made as nea r ly  t o  t o t a l l y  re- 
f l e c t i n g  as poss ib l e ,  L i s  t h e  l a s e r  tube ,  M 2  i s  a p a r t i a l l y  r e f l e c t -  
i n g  mi r ro r  (e.g., 98% r e f l e c t i o n ,  2% t ransmiss ion) ,  and D i s  a broad- 
band, square-law de tec to r .  I f  t h e  mir ror  spacing i s  s u f f i c i e n t l y  g r e a t  
and t h e  power l e v e l  c ,or rec t ly  ad jus t ed ,  such a laser can be  made t o  
o s c i l l a t e  i n  two modes (and only two modes) simultaneously. I n  t h e  
case of a He-Ne laser approximately 1/3 meter long (Ref. 27) it w a s  
repor ted  t h a & ,  t o  an accuracy of  1 p a r t  i n  800, t h e  bea t  frequency 
between t h e s e  two modes was 
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- = -  
This may be c a l l e d  autoheterodyne operation. Advantages of t h i s  
approach inc lude  an e a s i l y  countable frequency output ,  very h igh  reso- 
l u t i o n ,  andafast  response. The b a s i c  l i m i t a t i o n  of t h i s  approach is  
t h a t  t h e  displacements t o  be  measured are s m a l l  compared t o  t h e  length  
of t h e  laser, so t h a t  changes i n  t h e  t o t a l  laser length  due t o  t e m -  
pe ra tu re  and o the r  environmental e f f e c t s '  may in t roduce  s i g n i f i c a n t  
e r r o r s .  
The thermal e r r o r s  may be reduced .by comparing t h e  frequencies of two 
lasers subjected t o  t h e  same environment. As shown i n  Fig. 21, t h e  
output of L l  i s  r e f l e c t e d  through 90° by M 5 .  
t h e  output of t h e  second l a s e r  by a h a l f - s i l v e r e d  mi r ro r ,  B. The detec- 
t o r ,  D, can be  placed i n  e i t h e r  beam t h a t  emerges from B. An exper i -  
ment i n  which two 1/2-meter lasers were supported on a massive shock- 
mounted t a b l e  i n  a cellar room of an i s o l a t e d  bu i ld ing  (Ref. 28) 
ind ica ted  s h o r t  t e r m  ( tens  of mill iseconds) s t a b i l i t y  equiva len t  t o  
2.4 x inch and a long t e r m  s t a b i l i t y  (2 minutes) equiva len t  t o  
0.5 x lo-' inch. 
It is then combined with 
More r e c e n t l y ,  a p a i r  of l-meter lasers w a s  appl ied  
t o  t h e  cons t ruc t ion  of a l i n e a r  s t r a i n  seismograph (Ref. 29). I n  t h i s  
case a no i se  l e v e l  equiva len t  t o  1.6 x loe8 inch w a s  observed. It seems 
l i k e l y  t h a t  i f  t h e  temperature, gas p re s su re ,  and power l e v e l  of t h e  
two lasers were properly equalized, such a technique could be used f o r  
t h e  p r a c t i c a l  measurement of t h e  d e f l e c t i o n  of  a pressure  sensor.  
\ 
. I  
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Figure 21. Heterodyne Laser Displacement Sensor 
Figure 22. Single Laser Heterodyne 
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Displacement Sensor 
A suggestion has  been made eo f onmental s ens i -  
t i v i t y  of t h e  laser heterodyne displacement sensor  by iminating one 
tube (Ref. 30). This proposal i s  shown i n  Fig. 22. A beam-spl i t te r ,  
B, d i r e c t s  t h e  beam from one end of. t h e  laser t o  two s e p a r a t e  mirrors.  
It is s a i d  t h a t  t h e  system can lase a t  two f requencies  determined by 
t h e  pa th  lengths  M1-B-1.12 and M3-B-M2. Under t h e s e  condi t ions ,  i f  242 
and M 3  are held. f i xed  and M 1  i s  d isp laced ,  t h e  system becomes func- 
t i o n a l l y  equiva len t  t o  Fig. 21. Such ope ra t ion  i s  not known t o  have 
been achieved, and it i s  l i k e l y  t h a t  p r a c t i c a l  d i f f i c u l t i e s  would be  
encountered i n  attempting t o  have t h e  two modes run asynchronously. 
The primary f a c t o r  governing t h e  s i z e  of a p a i r  of heterodyned lasers 
is the l eng th  of t h e  laser tubes. 
w i th  two c o n f l i c t i n g  f a c t o r s  i n  s e l e c t i n g  a tube  length.  F i r s t ,  mak- 
i n g  t h e  tube longer increases  t h e  g a i n ’ o f  t h e  gaseous medium and de- 
creases the los ses  of t h e  resonant cavi ty .  Second, i f  s i n g l e  mode 
ope ra t ion  is des i r ed ,  t h e  l eng th  of t h e  c a v i t y  should be  s h o r t  enough 
so t h a t  i t s  mode spacing (c/2L) i s  somewhat l a r g e r  than t h e  Doppler 
The laser des igner  i s  confronted 
width of t h e  p a r t i c u l a r  t r a n s i t i o n  i n  t h e  gas being used. 
por ted  (Ref. 31) t h a t  an argon i o n  l a s e r  wi th  a length  on t h e  order  of 
It is re- 
5 c m  has been operated i n  a s i n g l e  mode a t  4880a. Argon i o n  lasers - -  
are not p r e s e n t l y t r e l i a b l e  and gene ra l ly  ope ra t e  a t  power d e n s i t i e s  
high enough t o  r e q u i r e  cooling. 
The 4880A l i n e  i n  Ar+ has a r e l a t i v e l y  high gain.  
atom lasers is gene ra l ly  lower, vhich i n  t u r n  impl ies  longer minimum 
rube lengths .  S ing le  mode He-Ne lasers with c a v i t y  lengths  of about 
15 cm have been b u i l t .  
TSe gair! i n  n e u t r a l  
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5 .4  
Referring aga in  t o  Fig. 21, assume t h a t  i n i t i a l l y  both  lasers have 
t h e  s&e c a v i t y  l e n g t  e output frequency g i v e  
a 
where n i s  a mode number equal t o  t h e  number of h a l f  wavelengths sepa- 
r a t i n g  t h e  mi r ro r s ,  and c and L are as previous'ly defined. Under t h e s e  
condi t ions  t h e  d i f f e r e n c e  frequency sensed by t h e  d e t e c t o r ,  D, w i l l  be 
zero. Now, i f  M 1  is  d isp laced  a s m a l l  amount, AL, t h e  output frequency 
- .  
of laser L1 w i l l  change by an amount . .  
bf = - -  AL 
f L 
The maximum permiss ib le  va lue  of Af depends on t h e  Doppler width of 
t h e  frequency t r a n s i t i o n  being used. 
ou t  of t h e  reg ion  where t h e r e  i s  adequate g a i n  and t h e  laser w i l l  s t o p  
o s c i l l a t i n g .  The Doppler wi,dth f o r  t h e  63284 t r a n s i t i o n  i n  neon is  
1700 MHz. (i. e. , t h e  f u l l  ' l i n e  width between t h e  half-power points).  
Assume t h a t  Af i s  l imi t ed  t o  1000 MHz. The original.  frequency i s  
I f  Af i s  too  l a r g e  it w i l l  move 
given by , .  
= 4.75 x HZ 3 x lo8 f =  
6328 x lo-'' 
and t h e  maximum permiss ib le  f r a c t i o n a l  change i n  frequency w i l l  be 
E =  1000 x lo6 = 2.1 10-6 
f 14 4.75 x 10 
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Assuming a 10-cm cav i ty  (L = 4 inches 
displacement w i l l  be  * 
AL = 4 x 2.1 x 10- 
% 
'. 
A pressure  sensor wi th  a f 
c e r t a i n l y  be  b u i l t .  
b e  s e r i o u s  piob l e m s  w i th  thermal and o the r  environmentally induced 
However, it can be  a n t i c i p a t e d  t h a t  t h e r e  would 
zero  s h i f t s .  
- A b e t t e r  arrangement would be t 
larger d e f l e c t i o n  and supply t h e  laser wi th  some s o r t  of servo t o  
"keep up" with t h e  g r e a t e r  displacement. Such an arrangement i s  shown 
in Fig. 23. Here t h e  output of t h e  d e t e c t o r ,  D ,  i s  s e n t  t o  a d i s -  
c r imina tor  that produces an analog vo l t age  propor t iona l  t o  t h e  f r e -  
quency d i f f e rence  between L l  and L2. This v o l t a g e  is  amplified and 
used t o  d r i v e  an electromechanical transducer t h a t  a x i a l l y  r e p o s i t i o n s  
M2. A number of transducers would be s u i t a b l e .  The t h r e e  most l i k e l y  
candidates are: (1) dynamic (moving c o i l  i n  a permanent magnet f i e l d )  , 
(2) magnetos t r ic t ive ,  and (3) p i ezoe lec t r i c .  The scheme envisioned i n  
Fig .  23 is  a ring-shaped p i e z o e l e c t r i c  device opera t ing  i n  t h e  shear  
mode - 
An ampl i f i e r  of s u f f i c i e n t  g a i n  w i l l  i n su re  t h a t  t h e  o p t i c a l  cav i ty  
lengths  of t h e  two lasers w i l l  be maintained a t  equal va lues  by t h e  
closed-loop servo. I f  t h e  p i e z o e l e c t r i c  transducer used t o  r epos i t i on  
M2 is  l i n e a r ,  then t h e  output vo l t age  w i l l  be  l i n e a r l y  propor t iona l  t o  
t h e  displacement of M1. 
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The common s t r a , i n  gage used i n  pressure  and o ther  transducers i s  based 
on t h e  p i e z o r e s i s t i v e  e f f e c t  of a s t r e t ched  metal  wire, a semicon- 
ductor bar.  (bulk gage), or a t h i n  f i l m  (d i f fused  gage) s t r e t ched  or 
compressed on a bent diaphragm or  beam. 
conductor i s  much more s e n s i t i v e  t o  stress (and temperature) than the  
r e s i s t a n c e  of a metal. 
i n  terms of a r e s i s t a n c e  gage fact.or which i s  defined as  the  f r a c t i o n a l  
change ( increase f o r  compression) i n  r e s i s t ance ,  AR/R divided by 
s t r a i n  AL/L, 
The r e s i s t a n c e  of t h e  semi- 
The output of a strain gage can be expressed 
. .  
For metal w i r e  t he  gage f a c t o r s  a r e  about 1 or 2, while 
f o r  s i l i c o n  semiconductor gages, they a r e  about 100. 
Much l a r g e r  r e s i s t a n c e  gage f ac to r s  (and temperature c o e f f i c i e n t s )  
have been reported f o r  semiconductor junc t ions ,  e i t h e r  of t h e  s i n g l e  
or of t h e  mul t ip le  junc t ion  type. 
i n  many ways: 
Junct ion devices have been s t r e s s e d  
a.  
b. 
C. 
d.  
e. 
Hydrostatic compression (semiconductor immersed i n  f l u i d  
under pressure)  , . .  
Uniaxial  compression (usua l ly  perpendicular t o  the  grown 
junc t ion  plane) 
Tension or compression by b e n d i q  a beam or diaphragm 
(usual ly  a p l ana r . j unc t ion  s t r e s sed  d o n a  i t s  plane), 
is t he  most: p r a c t i c a l  method f o r  tens ion  and E s t r e s s  b i a s  
of opposi te  s ign.  
Point  stress (an iso t ropic  compression and bending by a s t y l u s  
e i t h e r  perpendicular t o  a t h i n  planar junc t ion  or edge-on i n  
t h e  junc t ion  plane)  
Needle t i p  junc t ion  (compression and bending of a curved 
junc t ion  on a s i l i c o n  needle t i p  aga ins t  a f l a t  sur face)  
This  
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Other types of stres 
h. Combination of shear and compression (when compression i s  
, not  c o r r e c t l y  a l igned with junc t ion  plane or normal) - 
These d i f f e r e n t  types of stress have been appl ied t o  a v a r i e t y  of 
junc t ion  devices made of germanium, s i l i c o n ,  and other  semiconductors 
wi th  var ious o r i en ta t ions  of both junc t ion  and stress: 
a. 
b. 
C .  
d. 
e. 
f ,  
8.  
h. 
I_ 
(shallow junct ion-diffused,  ion-implanted or 
alloyed, deep j unc t i on-gr own) 
Needle t i p  diodes 
Zener diodes 
Tunnel diodes 
Trans i s  t or s 
Four - 1 ay er switches ( p - n- p - n) 
F i e l d  e f f e c t  t r a n s i s t o r s  
In t eg ra t ed  c i r c u i t s  
S t r e s s  can a f f e c t  t h e  forward, t h e  reverse ,  or t he  breakdown character-  
i s t i c  of a diode, t h e  ga in  of a t r a n s i s t o r ,  or t h e  break-over vol tage  
of a 4-layer switch.  
The bulk s t r a i n  gage has e l i c e a r  (or near ly  l i n e a r )  I - V  c h a r a c t e r i s t i c  
giving a constant  r e s i s t a n c e  according t o  Ohm's law, R = V / I .  The re- 
s i s t a n c e  gage f ac to r  AR/(RE) f o r  a l i n e a r  c h a r a c t e r i s t i c  i s  equal t o  a 
voltage gage f ac to r  AV/(Ve)-at constant  I. For constant  vo l tage  oper- 
a t i o n  the  f r a c t i o n a l  changes r e l a t e  a s  
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When the  r e s i s t a n c e  increases  wi th  stress and AR/R becomes l a r g e  (say 
lo), -AI / I !  approaches uni ty .  Thus, f o r  t h e  semiconductor, . -  s t r a i n  gage 
t h e  cu r ren t  gage f ac to r  AI(Ie)  i s  much l e s s  than  one and not  equal t o  
t h e  r e s i s t a n c e  or  vo l tage  gage f a c t o r s  of 100. Only when e i t h e r  f rac-  
t i o n a l  change i s  small  compared t o  one and 
are t h e  r e s i s t a n c  
value.  
Linear I - V  curves do not necessa r i ly  imply a l i n e a r  v a r i a t i o n  of re- 
s i s t a n c e  wi th  stress (or a constant  r e s i s t a n c e  gage f ac to r ) .  However, 
such l i n e a r i t y  i s  observed u n t i l  high l e v e l s  of s t r a i n  a r e  reached 
(near and j u s t  below t h e  permanent damage poin t  f o r  S i )  when the  
reszs tance  gage f a c t o r s  s t a r t  t o  decrease from a constant  value by up 
t o  about 10%. This  devia t ion  i s  g r e a t e r  f o r  high r e s i s t i v i t y  mater ia ls .  
Most j unc t ion  devices have highly nonl inear  I - V  curves.  
R = V/I'not only changes along the  curve,  bu t  t he  V / I  (average resist- 
ance) a t  a given poin t  i s  no longer equal t o  t he  s lope  R' = dV/dI 
The r e s i s t a n c e  
(dynamic r e s i s t a n c e )  a s  i l l u s t r a t e d  i n  Fig. 1. 
a 
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Figure 1. Typical Nonlinear I - V  Characteristics for Two Levels 
of Stress S Showing Average . ( V / I )  and Dynamic (dV/dI) 
Resistance 
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Now one can def ine average gage f a c t o r s  AR/(RC), AR'/$R's), AV/(VC),  
and A I / ( I C )  and d i f f e r e n t i a l  gage f a c t o r s  I av v as and - - 1 a R  L, 1 a 1  z, ac , I as, 
which.for  nonl inear  I-V charac t .e r i s t ics  may not be equal. The d i f -  
f e r e n t i a l  r e s i s t a n c e  gage f ac to r  can be defined e i t h e r  f o r  constant  
cu r ren t  or constant  vo l tage  operation. 
a stress c o e f f i c i e n t  l a I / I a S  r a t h e r  than gage f ac to r  ( s t r a i n  coe f f i -  
c i e n t )  i s  prefer red  because of i t s  independence of t he  e l a s t i c  proper- 
t ies  of t h e  mater ia l .  
For stress sensor appl ica t ions ,  
The r a t i o s  of s t r e s s  t o  s t r a i n  Y (Young's modulus) f o r  d i f f e r e n t  crys- 
t a l  d i r ec t ions  i n  G e  and S i  a r e  given i n  Fig,  2 taken from Wortman and 
Evans, 1965. Y changes by about 50% with c r y s t a l  d i r ec t ion  f o r  both 
germanium and s i l i c o n ,  having about 25% higher value fo r  S i  than Ge. 
Figure 2 a l s o  expresses t h e  r a t i o  of t he  s t r a i n  t o  stress c o e f f i c i e n t s .  
The e l a s t i c  l i m i t  or  f r a c t u r e  s t r a i n  depends upon the  d i r ec t ion  (and 
s ign)  of stress and t h e  number of d i s loca t ions  and other  c r y s t a l  i m -  
perfect ions,  It i s  l a r g e r  for  compression than tension, l a r g e r  f o r  
small  samples than l a r g e  samples. Frac ture  s t r a i n s  up t o  0.03 
(30,000 micros t ra in)  have been repor ted  fo r  t h i n  S i  bars  i n  bending 
and i n  tension (Pearson, e t  a l ,  1957 and Eisner, 1955). For S i ,  a 
stress of 1 0  
microstrain) .  
11 -2  dynes-cm corresponds t o  a s t r a i n  of 0.05 (50,000 
Experiments fo r  each type of s t r e s s  w i l l  be reviewed fo r  t he  var ious 
junc t ion  devices. 
except fo r  some of t h e  e a r l y  experiments which included hydros ta t ic  
ana uniax ia l  compression. 
recent  work a t  RTI (Wortman and Wooten, 1967) has been concerned with 
e f f e c t s  of stress on l a r g e  junc t ion  a reas  by bending on a beam or  
diaphragm. 
Most work has been done with point  compression 
Only t h e  present  EOS work and t h e  most 
. 
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Figure 2. Young's Modulus for Ge and Si as a Fdnction 
of Crystal Direction in the (110) Plane 
(from Wortman and Evans, 1965) 
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For each stress and junc t ion  the  following w i l l  be  explained: 
a, -The s i z e  of t 
p o i n t s  
nea r i ty  of t he  e f f e c t s  with stress 
'9 
.d, The dc and ac noise  l i m i t s  (zero d r i f t )  
e, Temperature s e n s i t i v i t y  and compensation 
f .  Response t i m e  (frequency) 
1.1 HYDROSTATIC COMPRESSION (FLUID PRESSURE) 
The i n t r i n s i c  r e s i s t i v i t y  of S i  or G e  increases  wi th  hydros ta t ic  pres- 
su re  (Miller and Taylor,  1949 and Taylor,  1950). This  i s  c a l l e d  the  
p i ezo res i s t i ve  e f f ec t .  The band gap of Ge and most III-V semicon- 
ductors ,  shown i n  Table I, increases ;  t h a t  of S i  decreases with hydro- 
s t a t i c  pressure (Sikorski ,  1964). This  changes c a r r i e r  concentration. 
Pressure can a l s o  change t h e  c a r r i e r  mobil i ty  by 50% or more (Pfann, 
-1961). 
TABLE I 
EFFECTS OF PRESSURE ON THE ENERGY GAPS OF 
SWCONDUCTING MATERIALS (Sikorski ,  1964) 
Energy gap 
Element or  w ( e ~ 4  a t  dW/ dP 
Compound 300 K ieV/dyne 1 
- 1.5 x 10- 12 
G e  0.66 5 x 10-l2 
si 1.09 
InSb 0.17 15.5 x 
InAs 0.33 5.5 x 
GaSb 0.70 16 x 
InP 1.27 4.6 x 
GaAs i.43 9.4 x 10-l2 . 
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1.1.1 'THE LINEAR INCREASE OF ,JUNCTION RESISTANCE OF A PLANAR 
GER3WYIUC.I DIODE 
The change i n  band gap which changed t h e  junc t ion  r e s i s t a n c e  was ob- 
served a t  Bel l  Telephone Labs and a t  t h e  Universi ty  of New Hampshire 
p r i o r  t o  1950 (Shockley, 1950a). Early measurements of t h e  junc t ion  
r e s i s t a n c e  a t  low vo l t age  were repeated a t  B e l l  Labs (Hall, e t  al, 
1951) using a G e  diode made from 8 ohm-cm n-type mater ia l 'by  implanta- 
t i o n  of 5:3 MeV a - p a r t i c l e s .  The p-layer was 1% th ick ,  with a 1.6 mm 
a c t i v e  diameter, 0.5 mm th ick .  Low hydros t a t i c  pressure  was appl ied 
by o i l  over a range of 0 t o  10,000 p s i  (6.9 x 10 dyn cm-*) k25 ps i .  
For each r e s i s t a n c e  versus  pressure  curve, t h e  temperature was held 
constant  t o  a few hundredths of a degree. The r e s i s t a n c e  of t he  junc- 
t i o n  w a s  measured using a spec ia l  contac t  t o  e l imina te  any bulk r e -  
s i s t a n c e  e f f e c t s .  The l o w  b i a s  cu r ren t  placed t h e  I - V  operat ing 
po in t s  c l o s e  t o  t h e  o r ig in .  The average forward and reverse  resist-  
ance V/I measured i n  F ig .  3 deviated only 20% from the  dynamic r e s i s t -  
ance a t  the  o r i g i n  R h  = dV/dI a t  V = 0. This  low vo l t age  r e s i s t a n c e  
is important i n  t h e o r e t i c a l  s t u d i e s  of pressure  e f f e c t s  on band gap. 
The average r e s i s t a n c e  was near ly  l i n e a r  wi th  pressure  showning no 
threshold e f f e c t s  repor ted  l a t e r  f o r  un iax ia l  compression. The dynamic 
r e s i s t a n c e  as V approaches ze ro  was even more l i n e a r  with pressure.  
Both were very s e n s i t i v e  t o  temperature. The e f f e c t  of 7 x 10 dyn 
cm This change'was 
24% €or reverse b i a s  and 11% f o r  forward d i r e c t i o n  f o r  cons tan t  
I D- 30 pA a t  21OC. 
. .  
8 
* 
8 
-2 0 pressure  was equivalent  t o  a change of 1.5 C.  
* 
Reverse r e s i s t a n c e  or r eve r se  cu r ren t  i m p l i e s  operat ion i n  the  sa tu-  
r a t i o n  ( r a t h e r  than breakdown) reg ion  where the  cu r ren t  i s  low and 
varies very slowly with voltage.  
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Figure 3. Linear Increase of Junction Resistance of an 
Ion-Implanted Ge Diode at Low Hydrostatic 
Pressures; I = 30.9 pA (Data from Hall, 
Bardeen, and Pearson, 1951) 
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The h y d r o s t a t i c  pressure  s t r e s s  c o e f f i c i e n t  of average r e s i s t a n c e  i s  
defined a s  AR/(RP) a t  a given p res su re  (stress) l e v e l  P. 
l i n e a r  curves - i n  F ig ,  3 t h e  stress c o e f f i c i e n t  i s  cons tan t  wi th  pres- 
s u r e  but depends upon temperature a s  shown. The vol tage  stress coef- 
f i c i e n t  has t h e  same va lues .  These correspond t o  s t r a i n  gage f a c t o r s  
from about 10 t o  40, s i m i l a r  t o  t h e  bulk semiconductor gage. 
For t h e  
I n  summary, t h e  e f f e c t  of h y d r o s t a t i c  compression on a G e  diode is  
small, being l a r g e s t  f o r  r e v e r s e  r e s i s t a n c e  a t - l o w  temperature. The 
r e s i s t a n c e  i n c r e a s e  is  l i n e a r  and has no threshold.  
r e s i s t a n c e  i s  very s e n s i t i v e  t o  temperature; t h e  dynamic r e s i s t a n c e  i s  
less s e n s i t i v e .  N o  frequency response da t a  are ava i l ab le .  There a r e  
no inherent  methods f o r  d i g i t a l  output. 
The average 
/ 
1.1.2 TUNNEL (ESAKI) DIODES 
Revers ib le  changes of t h e  I - V  c h a r a c t e r i s t i c  of a tunnel diode wi th  
hydros t a t i c  stress were observed by Esaki (Esaki and Wiyahara, 1960) 
and o thers .  De ta i l ed  d iscuss ion  of t h e  h y d r o s t a t i c  stress e f f e c t  on 
tunnel  diodes of seven semiconductor ma te r i a l s  i s  given by Sikorsk i  
(2964). 
* 
The tunnel diode has a narrow junc t ion ,  and i t s  forward c h a r a c t e r i s t i c  
e x h i b i t s  nega t ive  r e s i s t a n c e .  The forward I - V  c h a r a c t e r i s t i c  i n s e t  i n  
Fig. 4 shows a r a p i d  r i s e  t o  peak c u r r e n t  I followed by the  negative 
r e s i s t a n c e  r e s ion ,  a v a l l e y  (or  excess) c u r r e n t  level I 
p o s i t i v e  r e s i s t a n c e  regior,. The measurement of t h e  p re s su re  dependence 
of t h e  peak tunneling c u r r e n t  g ives  da ta  about t he  change i n  energy 
band gap. 
P 
and a second 
V' 
* 
Pfann, 1960; Miller, Nathan, and Smith, 1960; .Nathan and Paul , 1961; 
S ikorsk i ,  1962; S iko r sk i  and Andreatch, 1962; F r i t z s c h e  and Tiemann, 
1963; Bernard, Rindner, and Rath, 1964; and Wason, 1962. 
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The f r a c t i o n a l  change of peak cu r ren t  with stress need not be taken 
a t  a constant  vol tage.  When the  r e s i s t ance  increases  with stress, t h e  
cur ren t  decreases,  and AI/I is  negat ive,  'whe 
t h e  f r a c t i o n a l  change can range from near ze r  
s eve ra l  o rders  of magnitude. For a decrease, 
range from near ze ro  t o  uni ty ,  even when t h e  v a r i a b l e  decreases by 
several orders  of magnitude. For devices wi th  pos i t i ve  AR/R as de- 
sc r ibed  e a r l i e r  and i n  t h i s  subsection, t h e  AI/I i s  negative.  Thus 
t h e  AI/I curves cannot be l i n e a r  because' they approach u n i t y  except 
fo r  very l o w  values  of AI/I << 1. 
t he  G e  tunnel diode with data  taken f romMi l l e r  and Nathan, 1960. 
These curves can be l i nea r i zed  by a p l o t  of log 1/1 
I - I = AI. Three types of diodes can be defined from t h e  charac te r  
of these  semilog curves shown i n  Fig. 5: (a) l i n e a r  log 1/1 versus 
P (I-V curves a t  4 K exh ib i t  phonon-assisted tunneling),  (b) two 
l i n e a r  por t ions  wi th  a break a t  about 9 x I O  
al loyed on n-type subs t r a t e ) ,  (c)  nonlinear curve (n-type al loyed on 
This  is  i l l u s t r a t e d  i n  Fig. 4 f o r  
versus  P. 
0 
0 
0 
0 
9 
dyn (p-type mater ia l  
Curves s imi l a r  t o  Fig. 5 r e s u l t  when l/R1 = (dI/dV)V=O i s  p lo t t ed  
versus pressure,  
sure ,  reaching 0.1 eV a t  about 300,000 ps i .  For t h i s  much higher 
pressure,  compared t o  the  maximum value of Fig. 3, t h e  f r a c t i o n a l  
change of cu r ren t  AI /I 
fo r  (c) type.  
The energy gap change was near ly  l i n e a r  with pres- 
ranges from 0.7 f o r  (b) type diodes t o  0.94 
P P  
The change of peak cur ren t  wi th  pressure increases  
with decreasing cu r ren t  dens i ty  from diode t o  diode, being independent 
of t h e  c r y s t a l  o r i en ta t ion .  The pressure effect was l a r g e r  a t  l i q u i d  
ni t rogen temperature than shown i n  Figs.  4 and 5, curve (b). The 
va l l ey  cu r ren t  a l s o  decreases with pressure,  although the  f r a c t i o n a l  
change is less than t h a t  f o r  peak cur ren t .  These measurements were 
made more t o  e luc ida te  t h e  tunneling mechanism and i t s  theory. These 
data  extend t o  more than a decade higher pressures  than those i n  Fig.  3. 
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2 c m  f o r  type 
' f i c i e n t s  are 
above. They 
1 
- 
The hydros t a t i c  pressure  c o e f f i c i e n t  of peak c u r r e n t  (not a t  constant 
vo l tage  but a t  V - V ) a t  10 9 dyn and 24OC i s  1.5 x 10-l' dyn-' P 
(b) up t o  -2 x lo-'' dyn-' cm2 f o r  type (c). These coef- 
considerably smaller than f o r  t h e  p lanar  diode described 
decrease with pressure.  
Another study (F r i t z sche  and Tiemann, 1963) wi th  hydros t a t i c  and uni- 
axial  stresses a t  4.2OK was performed t o  e l u c i d a t e  the  d i r e c t  tunnel- 
i ng  and i n d i r e c t  (phonon-assisted) tunneling processes.  Sb-doped G e  
tunnel diodes exh ib i t  b i a s  reg ions  where one o r  t he  o ther  of t hese  
processes predominates. The un iax ia l  s t r e s s  c o e f f i c i e n t  of tunneling 
cu r ren t  defined a s  AI/(IP) was found t o  be independent 
between 5 x 1 0  and 5 x 1 0  
r e s u l t s  a t  room temperature. It .was also  independent of temperatures 
between 1.5 and 4.2 K. 
of stress 
7 8 dyn emw2, cont ra ry  t o  t h e  peak cu r ren t  
0 It depended s t rong ly  upon b i a s  vol tage  a s  shown 
in Fig. 6. The hydros t a t i c  pressure  c o e f f i c i e n t  i n  Fig. 6 i s  divided 
by 3 t o  compare i t  wi th  t h e  un iax ia l  s t r e s s  c o e f f i c i e n t s .  
stress c o e f f i c i e n t  maximum value  fo r  hydros t a t i c  compression of a 
tunnel diode i s  16' dyn-' cm2 a t  4.2'K, compared t o  5 x lo-' a t  17OC 
f o r  r e s i s t a n c e  stress c o e f f i c i e n t  of a G e  diode. 
The cu r ren t  
The f i r s t  p o s i t i v e  r e s i s t a n c e  reg ion  i s  usua l ly  used f o r  p re s su re  mea- 
surement app l i ca t ions .  
suggested by Pfann (1961) f o r  use as pressure  switches,  
Tunnel.diodes i n  the  switching mode have been 
Operation i n  
t h e  ampl i f i e r  mode using a shunt r e s i s t o r  i n  t h e  nega t ive  r e s i s t a n c e  
reg ion  (Sikorski,  1964 and Sikorsk i  and Andreatch, 1962) g ives  enhznced 
p res su re  s e n s i t i v i t y .  
tors of 1000 t o  30,000 f o r  volumetric s t r a i n  a t  low pressures  ranging 
from atmospheric t o  1000 p s i ,  as shown i n  Table 11. 
Resu l t s  w i th  Si g ive  changing vol tage  gage fac- 
. 
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* TABLE I1 
EFFECT OF PRESSURE ON THE VOLTAGE ACROSS 
, .  THE S i  TUNXEL .DIODE (SIKORSKI, 1964) 
IfP PO 
V 
(psi ), GF 
0.1187 0,1035 0.0152 60 29,800 
0,1185 0.1078 0,0107 220 5,820 
0.1181 0.1045 0.0136 5 00 3,260 
... 0.1197 0.1035 0.0162 1000 1,990 
Vpo, vo l t age  across  the  diode a t  atmospheric pressure .  
ac ross  t h e  diode a t  e leva ted  pressure .  
p re s su re  change, GF, volumetric gage f a c t o r .  
V , vo l t age  
AV, change i n  vol tage .  Ap, 
Pressures  t o  12,000 p s i  were appl ied  t u  S i  tunnel  diodes shunted with 
a r e s i s t o r  f o r  ampl i f i e r  mode operation. 
The experimental r e s u l t s  obtained on S i ,  Ge, GaAs, and GaSb tunnel 
diodes subjec ted  t o  hydros t a t i c  pressures  a r e  summarized i n  Table 111. 
TABLE I11 
PRESSURE SENSITIVITY OF TUNNEL DIODES OF 
DIFFERENT MATERIALS (SIKORSKI, 1964) 
- .  
Conductivity AIp/Ip Pressure  Change Bulk Modulus B 
Material Type L (psi  1 ( p s i )  
6 
6 
6 
6 
6 
S i  n 4- 2.5 20,000 14.2 x 10 
G e  n - 15 20,000 11 x 10 
-20 20,000 11 x 1 0  GaAS P 
GaSb P . -39 20,000 8.2 x 10 
GaSb n -60 10,000 8.2 x 1 0  
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Sikorski ;  1964) shows t h a t  high pressure s e n s i t i v i t y ,  Table I V  (from 
even though i t  
a c t u a l l y  leads 
i s  a s soc ia t ed  wi th  high temperature s e n s i t i v i t y ,  
t o  lower equiva len t  pressure  change f o r  a AT = 1°C. 
TEMPEWURE SENSITIVITY OF TUNNEL -DIODES OF DIFFERENT MATERIALS 
I Temperature Pres  su r  e No. of p s i  
.- S e n s i t i v i t y  S e n s i t i v i t y  . Corresponding 
Mat e r i  a 1  % AP/OC - % Ai / p s i  . - t o  a AT of roc 
si 0.1 +1.3 8 00 
Ge 0.2 -7.8 26 0 
90 
- 3 .  - GaAs 0.1 -1.1 x 10 
GaSb - 0.5 -7.0 70 
I n  summary, t h e  e f f e c t  of hydros t a t i c  (and un iax ia l )  compression on 
6 tunnel  diodes i s  very l a rge ,  e s p e c i a l l y  f o r  GaSb (GF = 1 0  ), which 
a l s o  has a low temperature s e n s i t i v i t y .  
l i n e a r  w i th  a threshold;  some a r e  nonl inear .  Peak cur ren t ,  r e s i s t a n c e  
i n  the  f irst  p o s i t i v e  region, and vo l t age  across  the  diode, e spec ia l ly  
when shunted by a r e s i s t o r ,  a r e  used as the  i n d i c a t o r s ,  These diodes 
have the  h ighes t  t h e o r e t i c a l  frequency response and can be operated 
i n  t h e  osc i l l a to r ,mode  t o  give d i g i t a l  output.  Temperature c o e f f i c i e n t s  
can be minimized by 'proper s e l e c t i o n  of operat ing condi t ions.  
Many of t h e  e f f e c t s  are 
1.2 =AXIAL COPlPRESSIO3 (FORCE BETWEEN TWO FLAT SURFACES) 
1.2.1 THE EXPONENTIAL INCREASE OF CURREAT WITH STRESS NORELAL TO A 
PLANAR. G E X W Y N I ~ l  JUNCTION 
Uniaxial compression normal t o  t h e  junc t ion  p lane  i s  d i f f i c u l t  t o  
apply t o  t h e  very th in ,  shallow junc t ion  devices equipped with leads, 
hence only experiments wi th  grown junc t ion  and mesa diodes have been 
done e 
% 
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Rindner (1965a) used G e  o r  S i  b a r s  w i th  dimensions of 0,5 x 0.5 x 2.5 
mmwith junc t ion  i n  t h e  middle a t  r i g h t  angles t o  t h e  long axes. The 
ends were gold-plated t o  reduce contac t  r e s i s t a n c e  with t h e  lead- l ined  
steel jaws of t h e  p re s su re  r i g .  No t ens ion  could be appl ied  i n  t h i s  
.arrangement. (Tension has not been t r i e d  i n  any un iax ia l ,  i s o s t a t i c  
or an i so t rop ic  stress experiments.) 
- 
For compression normal t o  t h e  junc t ion  plane, t h e  c u r r e n t  increased  a s  
i n  t h e  an i so t rop ic  stress experiments. 
tunnel diode both p o s i t i v e  and negat ive  s igns  are poss ib le ,  depending 
upon t h e  b i a s  voltage.  
have t h e  same s ign  except a t  low b i a s  vo l t age  f o r  one diode. 
u n i a x i a l  p ressures  f o r  a r e v e r s i b l e  e f f e c t  i n  G e  ranged from 1.5 t o  
2 x l o l o  dyn cm-2 except f o r  t h e  .(loo) ax i s  when 8 x lo9  dyn cm 
could not be exceeded. The forward and reverse 1-V c h a r a c t e r i s t i c s  
were taken f o r  un iax ia l  compression f o r  junc t ions  i n  t h e  (lll), (110), 
and (100) planes made from 10 c m  G e  w i th  Ga‘and Sb dopants (Rindner, 
1965a). The l a r g e s t  stress e f f e c t  w a s  observed f o r  t he  (111) junc t ion  
reverse cu r ren t  shown i n  Fig. 7 taken d i r e c t l y  from Rindner. From t h e  
same data,  cur ren t -pressure  curves i n  Fig. 8 show a nea r ly  exponential 
charac te r  (near ly  l i n e a r  p l o t  of log I versus  P> with  a very small  
change of 20% a t  low pressures  up t o  5 x 10 
Figure  6 shows t h a t  f o r  t h e  
Note t h z t  here t h e  hydros t a t i c  and uniax ia l  
Highest 
-2 
9 -2 
dyn c m  .- . 
The cu r ren t  i n  Fig.  7 f o r  (111) G e  j unc t ion  inc reases  ( ins tead  of de- 
c reas ing  a s  i n  Fig. 3) by 3 orders  of  magnitude f o r  a pressure  changing 
from 5 to 20 x 10’’ dyn c m  
wi th  pressure  changes l i t t l e  wi th  b i a s  voltage.  
curves s h i f t  more wi th  b i a s  vol tage  as seen from Fig. 7. 
stress c o e f f i c i e n t  AI/(IP) reaches a maximum of dyn-l c m  f o r  
10 -2 reverse c u r r e n t  a t  1.8 x 1 0  dyn cm . 
-2 . The s h i f t  of t h e  reverse cu r ren t  cur-Jes 
The forward c u r r e n t  
Average 
2 
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Figure 7. Effect of Uniaxial Stress on the f-V Characteristics 
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Figure 8. Forward and Reverse Current of a Grown G e  (111) Junct ion  
(A - Reverse Current  a t  I-V on Log Scale;  B - Reverse 
Current  a t  I - V  on Linear  Scale;  C - Forward Current a t  
40 mV on Linear  Scale) (Data from Rindner, 1965a) 
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The forward and reverse  durrent  a t  low vol tage  a r e  p lo t t ed  as a func- 
t i o n  of pressure i n  Fig.  8 from Rindner's da ta  of Fig. 7. 
t h e  log s c a l e  shoGs a small  increase  a t  low pressures  followed by a 
l a r g e  exponential  increase  a t  higher pressures .  Curve B and C show 
the  reverse and forward cu r ren t s  versus pressure  i n  l i n e a r  sca les .  
These curves i l l u s t r a t e  t h e  high non l inea r i ty  of t h e  e f f e c t s  with t h e  
l a rge  values  of stress c o e f f i c i e n t  a t  high values  of stress. 
Curve A on 
Constant cur ren t  operat ion from Fig. 7 can only be p l o t t e d  a t  a low 
value of 1.4 PA. Voltage decl ines  with pressure  a t  an ever increasing 
r a t e  a s  shown i n  Fig.  9, with much of t h e  e f f e c t  occurring a t  low 
stress . .  
A s imi l a r  s e t  of obviously exponential  A I  versus  P curves was p l o t t e d  
from I - V  c h a r a c t e r i s t i c s  of a p-n junc t ion  i n  the  (110) plane of G e  i n  
Fig. 10. 
followed by t h e  sharp dec l ine  i n  Fig. 11 a t  a higher s t r e s s  than i n  
Fig,  9 .  (The curve i n  Fig.  9 was based on only 3 poin ts  and hence i s  
The vol tage  curve a t  constant  cu r ren t  shows a threshold 
not very accurate.)  
To t h i s  point ,  a l l  t he  work described was wi th  G e  p-n junc t ions  of 
d i f f e r e n t  types (ion-implanted, grown, a l loyed)  i n  d i f f e r e n t  direc-  
t ions  L l l l ] ,  [110], [loo]. The g r e a t e s t  e f f e c t  by a l a r g e  un iax ia l  
compression was on t h e  reverse  cur ren t  of t h e  (111) p-n junc t ion .  
stress e f f e c t  was found f o r  the (100) G e  p-n junc t ion  t o  8 x 1 0  
No 
9 
dyn 
t h e  threshold of permanent damage as  shown i n  Fig. 12.  Experi- 
mental da ta  poin ts  from Rindner a r e  compared with t h e  Wortman, Hauser, 
and Burger theory (1964). 
Generally, un iax ia l  compression displaced t h e  I - V  curve without appre- 
c i ab ly  changing i t s  s lope,  while po in t  compression changed the  s lope.  
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Figure 9.  Reverse Voltage Decrease of the Gram Ge (111) 
Junction; I = 1.4 &!i (Data from Rindner, 1965a) 
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Figure 10. Exponential  Current-Pressure Curves f o r  (110) G e  
Junc t ion  (Data from Rindner, 1965a) 
73622964 
7204-Final 
P a r t  TI1 
23 
9c 
60 
50 
40 
cn 
ti 
0 30 > 
2c 
10 
C 
X 
. 0.5 1 .o 1 
UNIAXIAL COMPRESSION (dyn cme2) 
Figure 11. Reverse Voltage for Gram (110) Ge Junction at 
1.4pA(Data from Rindner, 1965a) 
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( l l O ) ,  and (100) Planes.  
were made a t  a constant reverse b ias  of 4 V .  From 
Rindner 19G5a. 
The measurements of y . 
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I n  summary, un iax ia l  compression of G e  diodes g ives  l a rge  nonlinear 
e f f e c t s  on  reverse  and forward cu r ren t  with a threshold.  
e f f e c t  i s  f o r  t he  (111) junct ion  under normal compression. .The  tem- 
pe ra tu re  s e n s i t i v i t y  and p r a c t i c a l  d i f f i c u l t  
the  stress make t h i s  approach les  
The l a r g e s t  
1.2.2 THE LINEAR INCREASE OF CURRENT OR BREAKDOFIN VOLTAGE WITH STRESS 
NOEFMAL TO A PLAHAR S I L I C O N  JUKCTION 
Many of t he  ea r ly  papers (Rindner and Nelson, 1962; Rindner and Braun, 
1962 and 1963) mentioned t h a t  S i  junc t ions  under an iso t ropic  stress 
gave r e s u l t s  q u a l i t a t i v e l y  s imi l a r  t o  G e  junc t ions  except i n  t h e  break- 
down region. 
For un iax ia l  compression t h e  reverse  cur ren t  da t a  by Sikorski  (1964) 
using mesa S i  diodes with d i f fused  junc t ions  were highly nonlinear and 
unpredict  b l e ,  as  shown i n  Fig. 13. One diode showed an exponential  
8 -2 cu r ren t  increase  of over four  orders of magnitude f o r  5 x 1 0  dyn c m  . 
Another had a threshold a t  about 5 x 1 0  A t h i r d  
showed a decrease t o  7 x 1 0  dyn cm-' followed by a threshold a t  about 
9 -2 1.1 x 1 0  dyn cm , A l l  were biased -20V. Differences were bel ieved 
due t o  r e s idua l  stress i n  the  device. The r eve r se  and forward cu r ren t  
gene ra l ly  increased with un iax ia l  compression f o r  both S i  and G e ,  even 
though t h e i r  pressure c o e f f i c i e n t s  of t h e  energy gap have opposite 
8 
P 
dyn cm-' (7000 p s i ) ,  
8 
signs. 
For grown S i  junc t ions  i n  the  (111) plane R l d n e r  (19659) a l s o  observed 
a divergence of r e s u l t s .  Junct ions of good q u a l i t y  with low and con- 
s t a n t  s a t u r a t i o n  cur ren ts  and sharp reverse  breakdown c h a r a c t e r i s t i c s  
gave low cu r ren t  s e n s i t i v i t i e s  t o  stress. 
Fig. 14, t h e  forward cu r ren t  increased l i n e a r l y  wi th  compression by a 
f a c t o r  of two a f t e r  a threshold stress of 6 x - 1 0  
For the  (111) junct ion  i n  
9 dyn cm-2. A very 
small  decrease i n  r eve r se  cur ren t  was observed with uniax ia l  compression. 
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Figure 13. Varia t ions  of Reverse Current w i th .S t r e s s  f o r  Three Silicon 
Diodes (Data Correspond t o  a Constant Voltage Bias of -20 
volts) (From SiIcorski, 1964) 
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The same junc t ion  had a much l a r g e r  nonlinear increase  of reverse cur- 
rent wi th  l i t t l e  change of forward cu r ren t  when the  force  was appl ied 
by a needle. 
and i n  i t s  plane. After app l i ca t ion  of t he  poin t  stress, the  reverse 
cu r ren t  increased t o  a 5 t i m e s  higher value i n  the  s a t u r a t i o n  region 
and showed a nonlinear increase  with uniax ia l  compression. The for -  
ward cu r ren t  a l s o  increased f o r  a given b i a s  vol tage,  showing t h a t  some 
permanent damage by t h e  point  s t r e s s  was causing higher stress sens i -  
t i v i t y .  Another (111) junct ion  S i  d i o d e w i t h  a poor reverse  b i a s  
c h a r a c t e r i s t i c  showed a very l a rge ,  highly nonl inear  i nc rease  of re- 
verse cu r ren t  with un iax ia l  stress. Such diode c h a r a c t e r i s t i c s  could 
be improved by etching, which a l s o  reduced t h e  stress s e n s i t i v i t y .  
The d i f f e r e n t i a l  stress c o e f f i c i e n t  f o r  S i  i n  Fig, 14 i s  
The point  stress was appl ied a t  t h e  edge of t h e  junc t ion  
9 This compared with a value of lo” dyn-l cm2 a t  P equals 6 x 10 dyn 
f o r  t h e  reverse  cur ren t  i n  (111) junc t ion  of Ge. 
Later (Rindner, 1965b) t h e  r eve r se  cur ren t  of a grown (110) S i  junc- 
t i o n  was observed t o  increase  by two orders  of magnitude going from a 
high pressure  of 1.8 x l o l o  t o  2.2 x 10 
cur ren t  here  has implied operat ion a t  constant  vol tage.  
is l a r g e  f o r  the  forward cur ren t ,  but i t  i s  usua l ly  not ’ l a rge  fo r  the 
s a t u r a t i o n  region of the  r eve r se  cur ren t  where constant  cu r ren t  or 
constant  resistance operat ion i s  preferable .  
1 0 .  -2 dyn cm . The change i n  
This  change 
In t h e  breakdown region where the  cu r ren t  changes rap id ly ,  constant  
vo l tage  operat ion is  again preferab le .  
(Rindner, 1965b) i n  t he  breakdown region, AP of 2 x 10 
duced a 100-fold increase  of cu r ren t  a t  P = 7 y 10 
encounter some c i r c u i t  i n s t a b i l i t y  i n  the  breakdown region, although 
For the  same (110) S i  junc t ion  
9 
9 -2 dyn cm 
dyn cm”2 pro- 
e One may 
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t he  c h a r a c t e r i s t i c  i s  l e s s  s e n s i t i v e  t o  temperature and c r y s t a l  orien- 
t a t i o n .  This  A€' corresponds t o  a very l a r g e  d i f f e r e n t i a l  breakdown 
cur ren t  s t r e s s ' c o e f f i c i e n t  of 5 x 10 dyn . c m  . -8 -1 2 
The t o t a l  and f r a c t i o n a l  change of breakdown vol tage  fo r  a (111) S i  
junc t ion  was a l s o  l i n e a r  with pressure as  s h v m  i n  Fig. 15. The d i f -  
f e r e n t i a l  stress c o e f f i c i e n t  of the  breakdown vol tage was t h e  same fo r  
t he  two d i f f e r e n t  i nves t iga to r s  and the  two d i f f e r e n t  S i  diodes. I t s  
value of 10 dyn crn was much smaller  than-tihat fo r  t he  forward 
and breakdown cu r ren t s  . 
-12 -1 2 
The grown junc t ions  i n  t h e  (lll), (110) and (100) planes of Ge de- 
sdr ibed i n  Subsection 1.2.1 a l s o  showed rever 's ible  changes of t he  
breakdown vol tage  of 1 V  t o  -15V, but t he  e f f e c t  was not l i n e a r  wi th  
pressure (Rindner, 1965). For a l l  t h ree  junc t ions ,  t h e  breakdown 
vol tage  increased t o  a maximum of 0.05V f o r  t h e  (111) or 0.6V f o r  the  
-2 . (1101, then re turned  t o  i t s  unstressed value a t  P a  10" dyn em and 
decreased f o r  higher pressures .  The high pressure decrease of V i n  
Ge and i t s  l i n e a r  decrease i n  S i  has been explained by the  e f f e c t  of 
P on t h e  band gap. 
s eve ra l  concurrent mechanisms 
B 
The low pressure increase  of V i n  G e  suggests B 
I n  S i  t he  change i n  VB was l i n e a r  with pressure,  or t he  change i n  
breakdown cu r ren t  a t  constant  vo l tage  l a rge  and i n s e n s i t i v e  t o  tempera- 
t u r e  and c r y s t a l  o r i en ta t ion .  For these  reasons,  t h e  e f f e c t  of stress 
on t h e  breakdown c h a r a c t e r i s t i c  of S i  i s  of p r a c t i c a l  fmportance f o r  
transducer appl ica t ions .  Other experiments i n  the breakdown region 
with an iso t ropic  stress a r e  described i n  Subsection 1.3.2, 
Obtaining breakdown vol tages  of 1OV and above r equ i r e s  S i  of r e s i s t i v -  
i t y  higher than 0.10 cm, and the  process i s  an avalanche. 
guard-ring diodes described by Goetzberger and Pinch (1964) have a 
Small a r ea  
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= 25V, (GOETZBERGER & ‘\ 
0 1 I .  2 3 xl0” . 
dyn cme2 
Figure 15. Decrease (Actual and Fractional) of Breakdown 
Voltage of S i l i c o n  Diodes Under Uniaxial 
Compression Normal to the Junction 
73626069. 
-1 2 dyn c m  1 dVB VB dP 
- -  - = 
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uniform breakdown junc t ion ,  . bes t  f o r  po in t  stress e f f e c t  s tud ie s .  The 
l a w  r e s . i s t i v i t y  S i  diodes wi th  narrow junc t ions  have breakdown v o l t -  
ages of a f e w  t en ths  t o  5V, and t h e  mechanism i s  t h a t  of tunnel ing  
i n g  from very  l a r g e  t o  almost ze ro  and from l i n e a r  t o  h igh ly ,non l inea r ,  
w i t h  b e s t  opera t ion  i n  t h e  r e v e r s e  breakdown region. 
less s e n s i t i v i t y  t o  temperature and c r y s t a l  d i r e c t i o n ,  
compression e f f e c t  i n  t h e  breakdown reg ion  i s  more promising f o r  S i  
diodes than  f o r  G e  diodes. 
There it. has 
The un iax ia l  
However, u n i a x i a l  stress i s  b e s t  appl ied  
ling on a beam. 
Diodes us ing  S i  of low r e s i s t i v i t y  have low r e v e r s e  breakdown vol tages  
equal t o  f r a c t i o n s  of a v o l t .  The forward c h a r a c t e r i s t i c  s t a r t s  t o  
t a k e  on t h e  f e a t u r e s  of a tunnel diode, The G e  tunnel diodes described 
in Subsection 1.1.2 have been subjec ted  t o  un iax ia l  compression 
(F r i t z sche  and Tiemann, 1963). Figure 3 gave a comparison of hydro- 
s t a t i c  p res su re  c o e f f i c i e n t s  f o r  two G e  diodes wi th  junc t ions< i n  t h e  
(110) and (001) planes and un iax ia l  stress i n  the  [llO] d i rec t ion .  
Resu l t s  w e r e  similar t o  those  f o r  hydros t a t i c  compression divided by 3 .  
- 
\ 
Rogers (1962) repor ted  gage f a c t o r s  of G e  t unne l  diodes a s  high as 
7300. He  used mesa diodes w i t h  54L square a reas  and a pressure  con- 
tact  providing the  e l e c t r i c a l  connection and stress. 
were s t r e s s e d  by a f o r c e  on t h e  alloy dot  lead. 
t h e  v a l l e y  (excess) c u r r e n t  much more than t h e  peak cu r ren t .  
AlLcy dot diodes 
This  fo rce  increased  
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For diode opera t ion  as an o s c i l l a t  
was measured a s  a func t ion  of force.  Many diodes exhib i ted  a f o r c e  
threshold ,  and t h e  r e s i s t a n c e  decrea 
Microphonis using a l l o y  dot G e  tunne 
r e s i s t a n c e  or  modulated negat ive  res 
The l a t t e r  operated a t  frequencies o 
i t y .  quency d r i f t  a t  high s e n s i t i v ;  
Tunneling t r a n s i t i o n s  a r e  extremely f a s t ,  s e t t i n g  a theo re t i ca l .  f r e -  
quency. l i m i t  of about 10l2 Hz, which i s  seve ra l  orders of magnitude 
higher than d r i f t  and d i f f u s i o n  l i m i t e d  semiconductor or  e l e c t r o n  tube 
10 devices. O s c i l l a t i n g  f requencies  on G e  tunnel diodes of 6.7 x 10 
Hz have been observed. This  makes them i d e a l  f o r  high frequency pres- 
s u r e  measurements. 
Imai (1963) a l s o  s tud ied  changes of excess cu r ren t  i n  Ge tunnel diodes, 
though t h e i r  s t r e s s  was suspected t o  be  an i so t rop ic  (Bernard, e t  a l ,  
1964). Most work by S iko r sk i  (1962) used hydros t a t i c  or bending stress. 
In summary, t h e  same conclusions apply a s  f o r  hydros t a t i c  compression. 
With t h e  poss ib l e  exception of t h e  alloy-dot diode, where the  f o r c e  
is appl ied  t o  the  dot contac t  w i r e ,  i t  i s  aga in  imprac t i ca l  t o  apply 
u n i a x i a l  f o r c e  reproducibly. 
1.2.4 UNIFOREiLY STRESSED TRANSISTORS 
Pfann (1961) explored ideas  f o r  t h e  p r a c t i c a l  app l i ca t i cna  Df uniform 
stress e f f e c t  on c a r r i e r  mobi l i ty  ( & S O X )  t o  improve t h e  e f f i c i e n c y  or 
temperature c h a r a c t e r i s t i c s  of t r a n s i s t o r s ,  va rac to r  diodes, tunnel 
diodes, and photo diodes. 
j u n c t i o n  plane would improve t h e  f i g u r e  of m e r i t  of G e  n-p-n mesa 
t r a n s i s t o r s .  Radial  stress on a c i r c u l a r  wafer would make a f u r t h e r  
A compressive stress p a r a l l e l  t o  t he  (111) 
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a 
improvement. 
and t h e  metal support. 
The un iax ia l  stress i s  b e s t  appl ied  by bending t h e  wafer 
Radial  stress can be b u i l t  i n t o '  t h e  device by 
d i f f e rences  i n  thermal expansion during the  hard so lde r ing  of t he  
wafer t o  the  metal 
E f f e c t s  of stress 
t i o n  and stress o r i e n t a t i o n s  a r e  tabula ted  by Pfann (1961). 
induced by ' d i f f e r e n t i a l  expansion of t h e  semiconductor and t h e  metal 
s tud  can be used t o  compensate €or temperature e f f e c t s .  These were 
only t h e o r e t i c a l  cons idera t ions ,  N o  experiments w i th  s t r i c t l y  uni- 
a x i a l  stress on t r a n s i s t o r s  have been reported.  
S t r e s s e s  
. 1,3 ANISOTROPIC COMPRESSION (FORCE BETWEEN A POINT Am A FLAT SURFACE) 
1.3.1 RECTIFYING METAL SEIMICONDUCTOR POIhT CONTACTS 
The r e c t i f y i n g  c h a r a c t e r i s t i c s  of a m e t a l  p a i n t  contac t  w i th  a s e m i -  
conductor a r e  s e n s i t i v e  t o  stress applied by a po in t  or applied d i r e c t l y  
to t h e  semiconductor by o ther  means, Phonograph pickup and microphone 
pa ten t s  as f a r  back a s  1928 were based on the  changes of r eve r se  and 
forward r e s i s t a n c e  of copper oxide r e c t i f i e r  b a r r i e r s  (Edwards, 1929). 
A pd in t  contac t  ("cat whisker") diode 'from Al-doped S i  or Sn-doped G e  
was pa ten ted  as a fo rce  transducer (He l t e r l i ne ,  1945). 
1.3.2 POINT COXTACT TRANSISTORS 
The f i r s t  t r a n s i s t o r  u t i l i z e d  two po in t  con tac t s  made of phosphor 
bronze wire press ing  aga ins t  a semiconductor base. 
r ad ius  were i n  c l o s e  proximity, e i t h e r  on the  same or  on oppos i te  
The po in t s  of @ 
s i d e s  of t he  t h i n  semiconductor. Then t h e  emi t t e r  r e c t i f y i n g  contac t  
was forward biased, i t  i n t e r a c t e d  e l e c t r i c a l l y  wi th  t h e  r e v e r s e  b iased  
. 
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c o l l e c t o r  contac t ,  allowing ampl i f ica t ion .  The power g a i n  was  about 
100 a t  a 545 spacing between con tac t s ,  decreasing t o  u n i t y  a t  2 5 a .  
s i s t o r  po in t  con tac t s  were f i l e d  between 1948 and 1951. Pressure  was 
appl ied  t o  both  emitter and c o l l e c t o r  con tac t s  (carbon g r a i n s )  e i t h e r  
on t h e  same s i d e  (Wallace, 1948a and 1948b) or on oppos i te  s i d e s  -of 
t h e  semiconductor (Wallace, 1948b and Hanson, 1948). 
proposed a .conduct ive  sphere emi t t e r  of 25 t o  25w rad ius .  
i n  contact pressure  and a change i n  emi t t e r - co l l ec to r  spacing produced 
a s igna l .  Rock (1949) proposed a hot emitter w i r e  loop moved by pres- 
sure. 
contac t  (or j unc t ion )  emi t t e r  and c o l l e c t o r  i n  a magnetic f i e l d .  
metal-semiconductor po in t  contac t  acts j u s t  l i k e  a p-n junc t ion ,  in- 
Wallace' (1948b) 
A change 
Shockley (1950b) s t r e s s e d  a f i lamentary  t r a n s i s t o r  wi th  po in t  
The 
j e c t i n g  c a r r i e r s  i n t o  t h e  semicond 
. .  
In  summary, l ack  of i n t e r e s t  i n  poin t  con tac t  t r a n s i s t o r s  i s  r e l a t e d  
t o  t h e i r  replacement by junc t ion  devices,  However, t h e  ex tens ive  
study of po in t  s t r e s s  e f f e c t s  wi th  s imilar  p r a c t i c a l  weaknesses makes 
one wonder why t h e  use  of e l e c t r i c a l l y  active p o i n t s  was not explored 
with junc t ion  devices, 
. -  
1.3.3 PLANAR p-n JUNCTIONS STRESSED BY ELECTRICALLY PASSIVE POINTS 
The metal-semiconductor po in t  con tac t s  described above not  only appl ied  
t h e  stress, but they were a c t i v e  elements i n  t h e  electrical  c i r c u i t ,  
Now consider po in t  stress applied by a diamond, sapphire,  o r  hard 
steel s t y l u s  t h a t  i s  not a p a r t  of the c i r c u i t .  As the  p-n junc t ion  
devices rep laced  t h e  po in t  contac t  t r a n s i s t o r s  i n  t h e  1950's, only 
the  hydros t a t i c  pressure  e f f e c t  was s tud ied  (Subsection 1.1.1) wi th  
the  exception of p a t e n t s  by Montgomery (1949), Burns (1955) and 
Meuller (1953). Montgomery repor ted  t h a t  a 2% r ad ius  po in t  press ing  
* 
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on t h e  edge of a p-n junc t ion  wi th  an 80-gram f o r c e  would reduce the  
forward r e s i s t a n c e  from 48.5 t o  39.m (-20%). 
Huel le r  described a fo rce - sens i t i ve  grown p-n junc t ion  diode ( e i t h e r  
forward or  r e v e r s e  b iased  i n  t h e  breakdown region),  and a t r a n s i s t o r  
wi th  f o r c e  appl ied  t o  a c o l l e c t o r  junc t ion .  The f o r c e  may have been 
un iax ia l .  
Burns appl ied  stress by a beam t o  t h e  emitter reg ion  of a t r a n s i s t o r .  
B e l l  Labs, EOS, and o the r s  were more preo.ccupied wi th  the  development 
of p i e z b r e s i s t i v e  semiconductor devices.  The EOS semiconductor s t r a i n  
gage u t i l i z e d  the  p-n junc t ion  t o  e l e c t r i c a l l y  i s o l a t e  gage f i lms  of 
6 t o  75p th ickness  (Wright, 1960; Gong,et a l ,  1962; and Sanchez, 1961). 
This  decade of q u i e t  invent ions  ended with t h e  S ikorsk i ,  e t  a1 (1962) 
t r a n s i s t o r  microphone i n  which a sapphi re  needle  of 2% t i p  r ad ius  
: t ion.  p ressed  on t h e  emitter junc 
\ 
Most work w i t h  po in t  stress e f f e c t s  on p-n junc t ions  has been done by 
Rindner a t  Raythepn (Rindner and Nelson, 1962; Rindner and Braun, 1963; 
and Rindner, 1962). 
gram fo rces  normal t o  a l loyed  and d i f fused  junc t ions  of a 0.1 t o  l p  
depth i n  G e  (Rindner, 1962). These were very l a r g e  pressures  (near 
t h e  e l a s t i c  l i m i t )  over a very small (O,$ d i m e t e r )  area which pro- 
duced nonl inear  i nc reases  ( in s t ead  of decreases as i n  t he  case  of 
h y d r o s t a t i c  compression) of forward and r e v e r s e  c u r r e n t  of one t o  two 
With a diamond t i p  of 17& r ad ius  he appl ied  0-10 
. orders  of magnitude. Changes i n  breakdwm i-oltage pro6uced a three- 
order-of-magnitude i n c r e a s e  of cu r ren t .  A s i m i l a r  decrease of reverse 
vo l t age  could be obtained by cons tan t  cu r ren t  opera t ion  i n  t h e . s a t u r a -  
t i o n  r eg ion  (Rindner, 1962). 
* In t h i s  r e p o r t ,  "gram" i s  never abbreviated,  and "g" i s  used f o r  t h e  
a c c e l e r a t i o n  due t o  g rav i ty .  
* 
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6 These r e s u l t s  gave r e s i s t a n c e  gage f a c t o r  estimates of 1 0  (Rindner 
and Braun, 1963) or  more, much l a r g e r  than va lues  of 100 f o r  t h e  con- 
vent iona l  gages, even though t h e  e f f e c t  was h ighly  nonlinear.  The 
"piezo-junction" e f f e c t  i n  diodes and t r a n s i s t o r s  w a s  u t i l i z e d  i n  o r  
proposed f o r  microphones, hydrophones, accelerometers, and d isp lace-  
ment t ransducers  (Rindner and Nelson, 1962). 
S t r e s s  appl ied  by a sphe r i ca l  po in t  i s  h ighes t  a t  t h e  c e n t e r  of t he  
con tac t  a rea ,  which i t s e l f  depends upon the  f o r c e  F, 
. .  
Thus, even a l i n e a r  e f f e c t  w i th  uniform u n i a x i a l  f o r c e  wi l l 'depend 
upon t h e  cube r o o t  of t h e  t o t a l  fo rce  appl ied  by a sphe r i ca l  po in t  of 
r ad ius  r. 
The most d e t a i l e d  experimental study of t he  "an iso t ropic  stress e f f ec t "  
included shallow junc t ions  i n  0.2Q c m  p-type G e  and 3.5Q c m  S i  (Rindner 
and Braun, 1963). Forward and r eve r se  c h a r a c t e r i s t i c s ,  inc luding  t h e  
breakdown region, were taken between 10 and 
(5000 dyn). 
under stress l e d  t o  o s c i l l a t i o n s  w i t h  frequency (and amplitude) depend- 
ent  upon stress. 
for S i  (Rindner and Braun, 1963 and Rindner, 1965b), while f o r  G e  i t  
-8 A for  fo rces  of 0-5 g 
A negat ive  dynamic r e s i s t a n c e  i n  t h e  breakdotm reg ion  
The breakdown vol tage  decreased l i n e a r l y  wi th  stress 
increased, then  decreased nonl inear ly  (Rindner, 1965b). 
The cu r ren t  change wi th  s t r e s s  i n  G e  increased  exponentially wi th  de- 
c reas ing  junc t ion  depth (between 3.3 and O.&) and c r y s t a l  d i r ec t ion .  
AI was 0.14 pA f o r  a 1.s deep Ge junc t ion  i n  the  (100) plane, 1.3 pA 
f o r  t h e  (110), and 4.5 f o r  t h e  (111) plane. The e f f e c t  was not depend- 
ent upon d i s l o c a t i o n  d e n s i t i e s  between l o 3  and 5 x 10 6 - 2  cm or  the  
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stress poin t  l oca t ion .  For t h e  same force ,  t h e  change,, AI, f o r  6000 
dyn a t  6V r eve r se  b i a s  was 48 pA f o r  a dianond t i p  of 25p, r ad ius  but 
only 0.6 pA f o r  4% r ad ius .  
exponentially,  more*for G e  than S i .  
Temperature increased  t h e  c u r r e n t  change 
T'he reverse c u r r e n t  change f o r  a * 
0 S i  junc t ion  corresponding t o  a 1 C temperature change i s  0.56 PA i n  
40 PA, equivalent t o  12 dyn out  of 8000 dyn. 
-r 
Frequency response was  
nea r ly  cons tan t  from one t o  several hundred her tz .  
response up t o  100 kHz. 
A hydrophone gave 
A t h e o r e t i c a l  treatment of the  an i so t rop ic  
stress e f f e c t  by Rindner and Braun (1963) considered the  band gap 
e f f e c t  important b u t  suggested t h e  c r e a t i o n  of generation-recombination 
levels as t h e  predominant e f f e c t  f o r  an i so t rop ic  stress. Subsequently, 
Wortman, e t  a l ,  (1964) showed t h a t  t h e  band gap model and i t s  e f f e c t  
on minor i ty  c a r r i e r  d e n s i t i e s  can p r e d i c t  t he  c o r r e c t  s i g n  and value 
f o r  bo th  hydros t a t i c  and po in t  stress i n  diodes and t r a n s i s t o r s .  
Rindner (1965a) then  repor ted  comparative experiments f o r  po in t  stress 
on the  edge of a junc t ion  i n  grown diodes wi th  u n i a x i a l  stress. 
Si (111) junct ion ,  which showed very l i t t l e  change of t h e  r e v e r s e  
c h a r a c t e r i s t i c  w i th  u n i a x i a l  stress, showed a l a r g e  e f f e c t  fo r  po in t  
The 
stress. After l a r g e  po in t  stress app l i ca t ion ,  t h e  reverse charac te r -  
i s t i c  f o r  (111) S i  showed a rounded breakdown and d e f i n i t e  s e n s i t i v i t y  
t o  u n i a x i a l  stress. The Wortman, et a 1  (1964), band gap theory i s  
accepted by Rindncr wi th  r e s e r v a t i o n  due t o  p a r t i a l  massing by stress 
con t ro l l ed  generation-recombination mechanism. 
Most experiments were performed wi th  po in t s  from i n s u l a t o r  ma te r i a l s  
(diamond or sapphire),  
a c t i v e  metal po in ts ,  p-n junc t ions  were not available. .  Since then no 
one has t r i e d  t o  stress a p-n junc t ion  wi th  a metal po in t  which was 
a l s o  e l e c t r i c a l l y  b iased  or  c a r r i e d  an e l e c t r i c a l  s igna l .  
make i t  a t r a n s i s t o r  ( t h r e e  e l ec t rode  device), 
During t h e  e a r l y  experiments w i th  e l e c t r i c a l l y  
This  would 
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I n  summary, po in t  compression normal t o  shallow junc t ions  or  a t  t h e  
edge of o the r s  has produced very l a r g e  nonlinear e f f e c t s  w i th  a f o r c e  
threshold.  
t h e  e las t ic  limit of e i t h e r  t he  semiconductor or  t h e  indenter ,  causing 
l ack  of r e p e a t a b i l i t y  (damage). 
s t r e s s e d  area i s  undes i rab le .  
stress, bu t  the stress l o c a t i o n  i s  very  c r i t i ca l  and l e a d s  t o  align- 
ment problems. 
A very s m a l l  f o r c e  over a very s m a l l  area could exceed 
The low r a t i o  of s t r e s s e d  t o  un- 
Most devices can be subjec ted  t o  po in t  
. .  
1.3.4 JUNCTION TRANSISTORS UNDER POINT STRESS 
,. 
The e a r l y  pa t en t s  (Burns, 1955 and Nueller,  1953) and papers (Rindner 
- and  Nelson, 1962 and S ikor sk i ,  et a l ,  1962) d isc losed  the decrease of 
c o l l e c t o r  c u r r e n t  or  g a i n  of G e  t r a n s i s t o r s  when t h e  emitter junc t ion  
was s t r e s s e d  by a po in t .  The a c t u a l  p a t e n t s  were not  a v a i l a b l e  f o r  
t h i s  review. . The b r i e f  no tes  by S iko r sk i ,  -e t  a l ,  (1962) and Rindner 
and Nelson (1962) gave sets of c o l l e c t o r  I - V  c h a r a c t e r i s t i c s  and some 
t y p i c a l  performance d a t a  of a t r a n s i s t o r  microphone. 
\ 
A p-n-p G e  mesa t r a n s i s t o r  was s t r e s s e d  near t h e  emitter junc t ion  by 
a . p o i n t  of 2% r a d i u s  (Rindner and Nelson, 1962). 
from 40 t o  5 as a f o r c e  of 3 x 10 
The hfe decreased 
3 dyn w a s  appl ied  t o  t h e  s t y l u s .  By 
s e l e c t i o n  of j unc t ion  depth and t h e  po in t  r a d i u s  of t h e  s t r e s s i n g  
element, t h e  s i g n a l  could be improved by a decade. 
A much l a r g e r  e f f e c t  w i th  a higher th reshold  (ZOO0 dyn ' ins tead  of 500) 
was observed f o r  a S i  n-p-n t r a n s i s t o r  (Rindner and Braun, 1963). The 
change of c u r r e n t  ga in  f o r  a 1500 dyn fo rce  on a 3p t h i ck  S i  emitter - 
was only a f e w  percent,  whi le  an emi t t e r  th ickness  of a f e w  t e n t h s  of 
a micron gave one order of magnitude change. 
very important,  S t r e s s  on the  c o l l e c t o r  j u n c t i o n  only changed i t s  
r e s i s t a n c e  without any change of cu r ren t  gain.  
The junc t ion  depth w a s  
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Wortman, e t  a l ,  (1964) published 
e f f e c t  on emitter-base junc t ions  which i s  i n  good q u a l i t a t i v e  agree- 
ment wi th  Rindner's d a t a  using po in t  stress. and a l s o  wi th  t h e  d a t a  of 
L i g h t l e  (1964)- 
of t h e  nonideal cha rac t e r  of j unc t ions  and d i f f i c u l t y  i n  c a l c u l a t i n g  
Quan t i t a t ive  p red ic t ions  were not  poss ib l e  because 
t h e  stress tensor. 
Pfann (1961) and Rindner and Nelson (1962) pointed out t he  p o s s i b i l i t y  
of l a r g e  e f f e c t s  due t o  b u i l t - i n  stre.sses dur ing  device manufacture, 
Wortman, e t  a l ,  (1964) c a l l e d  a t t e n t i o n  t o  stress effects when device 
c h a r a c t e r i s t i c s  were t e s t e d  p r i o r  t o  attachment of leads  by means of 
small metal probes pressed aga ins t  t h e  device. 
A most d e t a i l e d  experimental study of t h e  e f f e c t s  of  po in t  s t r e s s  on 
d i f fused  junc t ion  n-p-n S i  t r a n s i s t o r s  w a s  r epor t ed  by Edwards (1964). 
He used e i t h e r  a l a r g e  2% po in t  r ad ius  s t e e l  needle or  a f i n e  6p, 
r ad ius  diamond poin t  on an emitter junc t ion  2p deep. Very l a r g e  loads 
of 80 and 21 grams, r e spec t ive ly  (about 2 x 10l1 dyn cmm2) produced a 
very l a r g e  s t r a i n  of 10% over a very small area. 
changed one t o  t h r e e  orders  of magnitude, occas iona l ly  showing perma- 
Col lec tor  c u r r e n t s  
nent change due t o  damage by excessive s t r e s s .  
Preece and Selway (1965) used much lower stress l e v e l s  than Edwards 
on a p lanar  S i  t r a n s i s t o r  (1 t o  3 grams on 1 2  or  2% r ad ius  diamond 
points) ,  They s t r e s s e d  t h e  emi t t e r  j unc t ion  e i t h e r  a t  a po in t  away 
from t h e  emillter edge where i t  was a deep (normal t o  Stress) or  a t  
t h e  emitter edge, a po in t  wher2 i t  came t o  the s u r f a c e  (along t h e  
d i r e c t i o n  of stress). 
tion edge, l a r g e  (2 decade) inc reases  of base  c u r r e n t  were observed 
with l i t t l e  change of c o l l e c t o r  cu r ren t .  For t h e  l a r g e  r ad ius  po in t  
at t he  edge or  t h e  small po in t  away from the  edge, much smaller 
increases  of 10-20"/, were observed i n  c o l l e c t o r  'and base cu r ren t  w i th  
For t h e  small, r ad ius  po in t  s t r e s s i n g  the  junc- 
. 
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stresses of 17 and 8 grams respe  
t h a t  f o r  l a r g e  a r e a  uniform stress t h e  band 
For an i so t rop ic  stress t h e  presence of r eco  
space charge reg ion  was denonstr 
recovery c h a r a c t e r i s t i c s  f o r  t h e  
Analyses of t h e  u n i a x i a l  stress 
pounds (Wortman and Wooten, 1967) l e d  t o  t h e  expec ta t ion  of a s m a l l  
e f f e c t  on GaAs un le s s  . a  l a r g e  f r a c t i o n  of the t o t a l  areas w a s  
s t r e s sed .  Poin t  stress appl ied  t o  t h e  emi t te r -base  junc t ion  of a 
GaAs t r a n s i s t o r  produced very  small r e v e r s i b l e  changes i n  gain,  even 
wi th  fo rces  near t h e  damage poin t .  Wortman concluded t h a t  GaAs was 
not  a good ma te r i a l  f o r  p iezojunct ion  transducers using po in t  stress 
(Wortman and Wooten, 1967) which i s  exac t ly  oppos i te  t o  t h e  conclusion 
of SLkorski (1964) f o r  hydros t a t i c  stress on tunnel diodes 
(Subsection 1.1.2). 
Table V (Sikorski,  1964) g ives  a comparison of s e n s i t i v i t y  and e f f i -  
ciency f o r  microphones using a s t r e s s e d  junc t ion  t r a n s i s t o r  or  a s e m i -  
conductor p i e z o r e s i s t i v e  eleli?ent wi th  the  carbon microphone, The 
advantage of t he  s t r e s s e d  junc t ion  i s  evident e s p e c i a l l y  when compared 
t o  t h e  p i e z o r e s i s t i v e  sensor.  
TABLE V 
PERFORMANCE CHARACTERISTICS OF VARIOUS MICROPHONES 
S e n s i t i v i t y  % Eff ic iency  ( a t  
2 ( i n  mV ac r m s  f o r  a Gain 10 dyn/cm pressure  
Microphone ~ 1 dyn/crn2 pressure)  m and f = 1 kc) 
Trans i s t or 63 26.3 11 
Carboil g ranule  16 14.4 1 x 10-1 
P iez  or  es i s t ive 2 -94 1.4 x 
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4 Recently, Stow Labs has claimed a 10 inc rease  i n  output (compared t o  
ord inary  t ransducers )  f o r  a S i  p lanar  t r a n s i s t o r  s t r e s s e d  a t  t he  
emitter-base junc t ion  wi th  a po in t .  
s i s t o r  w i th  an  i n t e g r a l  p ressure  diaphragm wi th  4 V/gram s e n s i t i v i t y  
( 8  V/psi) and a resonant frequency i n  excess of 100 kHz (Stow Labs, 
1967). 
They produce t h e  P i t r a n ,  a t ran-  
I n  summary, conclusions are s i m i l a r  t o  those f o r  diodes above. The 
stress s e n s i t i v i t y  may be higher due t o  ga in  of t h e  t r a n s i s t o r .  
more p o s s i b i l i t i e s  exist  f o r  using t h e  t r a n s i s t o r  i n  an o s c i l l a t o r  
c i r c u i t  f o r  d i g i t a l  output.  
Also 
. .- 
1.3.5 THE FOUR-LAYER p-n-p-n SWITCH IN A RELAXATION OSCILLATOR 
(DIGITAL O'LPTPUT) 
The e f f e c t  of hydros t a t i c  and poin t  stress on t h e  4-layer p-n-p-n 
j u n c t i o n  swi tch  i s  analyzed i n  RTI,  1966. UniEorm pr'essure should 
decrease  t h e  switching vol tage ,  and po in t  stress should inc rease  i t .  
P res su re  sensors  and accelerometers were f a b r i c a t e d  using a steel 
needle  on a 2N3027 4-layer swi tch  i n  a r e l a x a t i o n  o s c i l l a t o r  c i r c u i t  
(RTI, 1966). For z e r o  p re s su re  d i f fe rence ,  t h e  o s c i l l a t o r  frequency 
was 91  kHz. A Af of 20 kHz w a s  obtained f o r  a AP of 4 p s i ;  t h e  Af/AP 
was nega t ive  and inc reas ing  i n  value. 
modulated ( inhe ren t ly  d i g i t a l )  output were very simple. 
The c i r c u i t s  f o r  a frequency- 
1,3,6 THE SILICON NEEDLE p-n JUXCTION SZSSOR 
I n s t e a d  of a planar j u n c t i o n  deformed by a s p h e r i c a l  po in t ,  t h e  junc- 
t i o n  can be  made on the  con ica l  apex of a S i  needle press ing  aga ins t  
a f l a t  hard sur face .  The S i  needle method allows very  much l a r g e r  
s t r e s s e d - t o - t o t a l  j unc t ion  area r a t i o s  without a problem of accu ra t e  
pos i t i on ing  of the  poin t .  
and developed by Research Tr i ang le  I n s t i t u t e  (1965, 1966) f o r  
This  S i  needle type sensor was suggested 
r 
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app l i ca t ion  t o  accelerometers. The l a r g e  r a t i o  of s t r e s s e d  t o  un- 
s t r e s s e d  junc t ion  a reas  g ives  high s e n s i t i v i t y .  The ne 
of a 20 mil square bar  of 10 cm n-type S i  electrochemic 
- a poin t .  The needle was covered with S i 0  then  coa ted  wi th  2’ 
“photoresist ,” 
which w a s  coated wi th  black pa in t  and exposed t o  u l t r a v i o l e t  l i g h t .  
The pho to res i s t  was developed, leaving an uncoated area a t  t h e  apex 
where ac id  was used t o  e t c h  a hole  i n  t h e  S i 0  
Then t h e  poin t  was pressed a g a i n s t  a m e t a l  p l a  
The junc t ion  was  2’ 
formed a t  t h a t  place by d i f f u s i o n  through t h e  hole. 
The low junc t ion  depth of 01$ and a high s u r f a c e  concent ra t ion  of 
impurity of 1021 atoms produced t h e  h ighes t  stress s e n s i t i v i t y .  
This ma te r i a l  a l s o  allowed easy attachment of ohmic con tac t s  of Au 
or’Al. 
r and the  junc t ion  a rea .  A t y p i c a l  sensor had a r ad ius  of 12p and 
needed a 10 gram f o r c e  p re s t r e s s .  
The stress s e n s i t i v i t y  depended upon the  r ad ius  of curva ture  
. .  
* 
A t h e o r e t i c a l  treatment of the  displacement of t h e  poin t ,  stress d i s -  
t r i b u t i o n  i n  t h e  po in t  fo r  a given force ,  and cur ren t -vol tage  charac- 
t e r i s t i c s  f o r  given stress i s  given i n  RTI, 1966. 
Various types of accelerometers using S i  needle sensors  wi th  charac- 
t e r i s t i c s  given i n  RTI, 1966 were designed, b u i l t ,  and t e s t ed .  
de accelerometers w i th  resonant frequencies above 3 kHz f o r  ranges 
A h y s t e r e s i s  problem was en- 
countered due t o  p l a s t i c  deformation of t h e  s t e e l  p ressure  p l a t e s .  
(The y i e l d  s t r e n g t h  of steel i s  below t h a t  of S i  and i s  less than t h e  
appl ied  stress.) A S i  pressure  p l a t e  was b e t t e r  than steel ,  but a 
gold-plated quar tz  p l a t e  was b e s t ,  reducing h y s t e r e s i s  below 1%. 
Ac and 
. from fl g t o  f100 g were f ab r i ca t ed .  
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A s e r i e s  of designs f o r  force ,  d 
was suggested. The s i n g l e  junc t ion  diode wi th  stress appl ied  t o  the  
e n t i r e  j unc t ion  a r e a  w a s  considered as one o 
f o r  use  i n  transducer a p p l l c a t  - 
\ 
1.3.7 THE FOUR-LAYER SILICON J 
To make a four-layer switch ( a t t r a c t i v e  f o r  stress-dependent o s c i l l a -  
' t o r s )  on t h e  t i p  of a needle was d i f f i c u l t  because a l l  d i f f u s i o n s  had 
t o  be  done through t h e  same window (RTI, 1966). The b e s t  method was 
t o  make 0.w d i f f u s i o n  wi th  low su r face  concentration, followed by a 
dr ive- in  cyc le  i n  a n e u t r a l  furnace a t  13OO0C f o r  six hours. 
j unc t ion  depth was 10 t o  1%- Two more d i f fus ions  followed wi th  oppo- 
s i te  type impur i t ies .  The devices had poor e l e c t r i c a l  p rope r t i e s ,  and 
The 
many shor ted  junc t ions  a t  t h e  oxide in t e r f ace .  Var ia t ions  appeared 
t o  have been caused by su r face  e f f e c t s .  
The planar process using successively smaller windows f o r  each d i f f u -  
sion was attempted without success. However, w i th  more care and b e t t e r  
equipment, i t  should be  poss ib le .  
1,3,8 JUNCTION FIELD EFFECT TRANSISTORS 
The e f f e c t  of stress on the  junc t ion  f i e l d  e f f e c t  t r a n s i s t o r  (FIX) was 
analyzed r ecen t ly  by Wortman and Wooten (1967). 
planar FET's with a 2$ r ad ius  of curva ture  diamond poin t ,  
reg ion  s e n s i t i v e  t o  stress was t h e  top gate-to-channel j unc t ion  a t  
i t s  edge, When the  FET w a s  operated wi th  cons tan t  g a t e  vo l t age  V 
the g a t e  c u r r e n t  increased  from 3 x l d 9 A  t o  2 x 10-7A wi th  a 40 gram 
force ,  but t h e  d r a i n  cu r ren t  remained constant.  The g a t e  cu r ren t  
i nc rease  was highly nonlinear wi th  force.  
They s t r e s s e d  3N89 
- .  
The only 
g' 
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With a r e s i s t o r  i n  s e r i e s  wi th  t h e  top ga te ,  t h e  d r a i n  cur ren t -  
vo l t age  c h a r a c t e r i s t i c  w a s - s e n s i t i v e  t o  stress ( t h e  c u r r e n t  increased  
a decade f o r  a 20 gram force).  A t  cons tan t  d r a i n  voltage,  t h e  d ra in  
c u r r e n t  produced a vo l t age  across  a load r e s i s t o r  i n  a c i r c u i t  which 
* 
I 
' should have many transducer appl ica t ions .  N o  e f f e c t  was observed wi th  
2N2497 and 2N2498 FFX's. I f  in s t ead  of t h e  po in t  stress the  e n t i r e  
j unc t ion  area could be s t r e s s e d ,  a much l a r g e r  s e n s i t i v i t y  would be  
expected (Kortman and Wooten, 1967). 
In t eg ra t ed  c i r c u i t s  use t h e  capacitance of a reverse biased p-n junc- 
t i o n  because i t  i s  easier t o  f a b r i c a t e  than a . p a r a l l e 1  p l a t e  condenser, 
The j unc t ion  capacitance i s  a func t ion  of impurity concent ra t ion ,  
j unc t ion  area, and appl ied  voltage.  Such a capac i to r  was i s o l a t e d  i n  
10 -2 dynes-cm 
. 
a T I  i n t e g r a t e d  c i r c u i t  SN514 and s t r e s s e d  by poin t  t o  1 0  
any change i n  capacitance (Wortman and Wooten, 1967). without 
1.3.10 
Wons on, 
INTEGRATED CIRCUITS 
. .  
et a l ,  (Wonson, 1965 and Dunlap, e t  a l ,  1964) described t h e  
s e n s i t i v i t y  t o  po in t  stress of an i n t e g r a t e d  diode-coupled t r a n s i s t o r -  
l o g i c  NOR g a t e  (Raytheon RC103). This device contained t h r e e  t r an -  
s i s t o r s  w i th  common c o l l e c t o r s .  One of t h e  t r a n s i s t o r s  was s e n s i t i z e d  
by e tch ing  away 20% of t h e  aluminum layer .  A s t y l u s  of 16% rad ius  
was a t tached  t o  t h e  s e n s i t i z e d  area. Poin t  stress reduced t h e  t r an -  
s i s t o r  ga in  exponentially. 
An o s c i l l a t o r  operating i n  t h e  avalanche reg ion  of t h e  s t r e s s e d  t r an -  
s i s t o r  I - V  c h a r a c t e r i s t i c  gave a near ly  l i n e a r  frequency v a r i a t i o n  of 
20 kHz with  an appl ied  f o r c e  of 7 grams, 
s t a b l e  and reproducible wi th in  0.1%. 
This  i s  about 4 Hz dyn-l, 
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Astable and monostable mul t iv ibra tor  c i r c u i t  modifications of t h e  same 
in t eg ra t ed  c i r c u i t  were a l s o  t r i e d .  
force,  t h e  first changed i t s  frequency from 500 kEIz t o  1 NHz.; t h e  
second, a t  10 kHz, had a reduct ion of pulse  width of t h e  same f r e -  
With app l i ca t ion  of 7 grams of 
quency from 1.5 t o  1.0 psec,  
i u t  is l i n e a r .  
With a "force bias"  of 3 grams, t h e  out- 
. 
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SECTION 2 
TENSION OR COXPRESSION BY BENDING ON A BEAM OR DIAPHRAGM - NEW WORK 
Only t h e  h y d r o s t a t i c  pressure  e f f e c t s  on a p-n junc t ion  can and have 
been d i r e c t l y  (without a diaphragm) u t i l i z e d  i n  pressure  transducers with 
tunnel diodes (Silcorski, 1964). Uniaxial  compression by a p a i r  of f l a t  
metal rams tends t o  be a n i s o t r o p i c ,  because of misalignment and su r face  
imperfections.  It i s  d i f f i c u l t  t o  apply due t o  i n t e r f e r e n c e  with leads 
and i t  has  n o t  been used i n  transducers.  
o f f e r s  l a r g e  stress with a small force.  
j unc t ion  devices. 
i n d i r e c t l y  - - -  (with diaphragms, mass, or  beams) i n  p re s su re ,  acce le ra t ion ,  
and many o the r  transducers.  
The a n i s o t r o p i c  po in t  stress 
It could be appl ied  t o  most 
It has been used d i r e c t l y  i n  f o r c e  transducers and 
"Bending" of p i e z o r e s i s t i v e  semiconductor s t r a i n  gages cemented onto d i a -  
phragms i s  a h igh ly  advanced art o f f e r i n g  high s e n s i t i v i t y  and accuracy. 
The gage i s  mostly i n  un iax ia l  t ens ion  o r  compression s i n c e  t h e  bending 
and lateral  fo rces  (Poisson's r a t i o )  are neg l ig ib l e .  This method re- 
q u i r e s  t h i n  chips (EOS uses log or  0.0004 in .  t h i c k  Si), e s p e c i a l l y  when 
epoxy i s  used t o  cement the  ch ip  t o  a diaphragm. I n  d i f fused  gages t h e  
i s o l a t i n g  p-n junc t ion  i s  p a r a l l e l  t o  t he  stress ins t ead  of normal t o  i t  
as i n  most un iax ia l  and an i so t rop ic  stress cases. 
bonding and a s soc ia t ed  c reep  problem t h e  device can be d i f fused  d i r e c t l y  
i n t o  a semiconductor diaphragm o r  beam. This e l imina tes  lateral  fo rces  
e n t i r e l y .  
lead t o  less reproducjble u n i t s ,  and matching probfens .- with  dua l  devices.  
Also, t he  s i l i c o n  i s  b r i t t l e  and these  devices are r a t h e r  f r a g i l e .  
f o r  t he  explora tory  tunnel diode experiments a t  Be l l  Labs by For s t  and 
Silcorslci p r i o r  t o  1964, most of t he  e f f o r t  w a s  performed a t  EOS on the  
junc t ion - i so l a t ed  s i l i c o n  s t r a i n  gages, t r a n s i s t o r s ,  temperature compen- 
sa ted  zener doides ,  and uni junc t ion  t r a n s i s t o r s .  
To e l imina te  the 
.. 
However, methods of d i f f u s i o n  d i c t a t e d  by the beam geometry 
- 
Except 
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I n  t h e i r  most r ecen t  r epor t  Wortmann and Wootcn 
discovery the  bent beam o r  diaphragm method of applying stress t o  s e m i -  
conductor j unc t ions ,  apparent ly  unaware t h a t  
s t r a i n  gage art .  
and po in t  ou t  the  advantage of s t r e s s i n g  the  
than a s m a l l  f r a c t i o n .  
and epoxy bonding of 5 0 ~  t h i c k  S i  t o  Mo o r  Kovar. 
t he  use o f , i n t e g r a t e d  c i r c u i t s  i n  t ransducers  as w e l l  as MOS t r a n s i s t o r s  
and Schottky diodes. 
m as a new 
They ca l l  i t  the  l a r g e  area 
They explored t h e  f e a s i b i l i t y  of gold e u t e c t i c  
They a l s o  suggest 
2.1 P-N JUXCTION-ISOL4TED SILICON STRAIN GAGES 
I 
2.1.1 PHYSICAL DIMENSIONS 
Most semiconductor j unc t ion  devices use c r y s t a l s  or ien ted  so as t o  reduce 
t h e i r  s t r a i n  s e n s i t i v i t y .  
t h i n  diaphragms or  beams. 
in t h e  most stress s e n s i t i v e  d i r e c t i o n  (111) and i s  extremely t h i n  
(0.0004 i n . ) .  
Furthermore, they are too t h i c k  f o r  use on 
The s i f f u s e d  s i l i c o n  s t r a i n  gage i s  or ien ted  
A p-n junc t ion  is  used t o  i s o l a t e  an even th inner  and 
very narrow a c t i v e  r e s i s t a n c e  length and t h e  enlarged contac t  areas. 
S ingle  and d u a l  element gage geometries are shown i n  Figs. 16 and 17 wi th  
the.dimensions i n  Table V I .  
active lengths ,  a l a r g e r  r a t i o  of a c t i v e  t o  contac t  j unc t ion  area of 0.8 
and a 3X l a r g e r  t o t a l  j unc t ion  area. 
element gage is  only about 1/4 of t h e  t o t a l  j unc t ion  area. 
c rosses  'near the  ends are a l s o  junc t ion  areas usua l ly  not  used except fer 
probe measurements of i nd iv idua l  u n i t s .  
The s i n g l e  element gages have 4X longer 
- -  - . -  - .  
The a c t i v e  j u n c t i o n - a r e a  of t he  dua l  
The index 
' 
The a c t i v e  gage and the contac t  a r eas  when bent on a beam are i n  b i a x i a l  
stress of oppos i te  s igns  with t h e  r a t i o  given by Poisson's r a t i o .  
contac t  areas have deeper d i f fus ions  and a depos i t  of aluminum f o r  f a c i l -  
i t a t i n g  the  attachment of leads. 
made of 1 ohm-cm material. 
The 
The low conduct iv i ty  A type gages are . 
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Figure 17. SP3 Dual Element Geometry 
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2.1.2 REVERSE BlUAKDOWN I-* CHARACTERISTICS 
The complete current-vol tage (I-V) c h a r a c t e r i s t i c  of the i s o l a t i n g  junc t ion  
of one of the  gages i s  given i n  Fig. 18 on l i n e a r  s ca l e s .  The r eve r se  
breakdown region of the  o the r  , expanded i n  Fig.  19 , shows a t y p i c a l  
decrease of s lope  a t  about 4OpA. The phys ica l  explanat ion of t h i s  be- 
havior  is  n o t  obvious. 
TABLE V I  
Dimensions of S t r a i n  Gage Diodes 
Contact Active/ 
Length Wid.th Area Contact Active Element Area Area 
Specimen No. IJJ v. * cm2 p, p, 10-4x cm2 Rat io  
Leng t h  Width Type and 
SP2A-41 
SP3A-1 
SP2A- 7 
1000 50 5 .  250 150 6 . 2 5 ~  0.8 
250 25 0.625 150 150 2.25 0.28 
1000 25 2.5 250 150 6.25 0.4 
. .  
A series of separated SP2C gages with sho r t e r  (0.080 in.)  bases made from 
the  same s i l i c o n  ch ip  w a s  t e s t e d  using poin t  contac t  probes, one on the  
aluminized contac t  a r e a ,  t he  o the r  on the  index cross .  The approximate 
breakdown vol tages  for t he  gage and the  index area given i n  Table VI1 
were taken with the  curve tracer. 
-. . . . . . -. . -. ._ . . . . . . . . . , 
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Figure 18. I-V Characteristic for SP3C-19A Junction 
at Zero Stress (Close Leads) 
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Figure 19. Reverse I - V  C h a r a c t e r i s t i c  of SP3C-19B i n  the  Breakdown Region 
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. This t a b l e  i l l u s t r a t e s  t he  l a rge  spread of va lues  f o r  t h e  reverse. break- 
down vol tage  obtained during the  same d i f f u s i o n  from the same chip.  For 
s t r a i n  gage i s o l a t i o n  a l l  un i t s .above  1 5 V  are acceptable .  
sent.experiments the  series of equal vo l t age  u n i t s ,  shown marked with an 
a s t e r i s k  (*) , were se l ec t ed .  
For t h e  pre- 
An even l a rge r  spread of breakdown vol tages  from 6.5 t o  105 v o l t s  w a s  
observed f o r  gages of d i f f e r e n t  geometry and r e s i s t i v i t y ,  as shown i n  
Table V I I I ,  Some of t hese  gages had leads a t tached .  
The SPZC group had t h e  lowest average breakdown vol tage  of 19V ( 3 1 V  i n  
Table V I I ) .  The SP2A-41 group average was  41V.  The SPSA and SP2A-7 
were 76 and 72 v o l t s  r e spec t ive ly .  
'Isof t" (rounded) breakdown c h a r a c t e r i s t i c s .  
more from one u n i t  t o  the  next  bu t  t he  averages were 1 ,pA f o r  t he  SPZA-41, 
SP2C-1 and 2 PA f o r  t he  SP3A-1 and SP2A-7. . 
Only these  lat ter groups had some 
The leakage cu r ren t  var ied  
'. 
TABLE V I I I  
Reverse Breakdown Voltage and Leakage' Currents 
f o r  D i f f e ren t  EOS S i  S t r a i n  Gage Junct ions  
vB 
00 (PA) Selected No. 
SP2A- 41 - 1 60 1 
a 67 2 1' 
4 34 0.8 - 2  
3 38 '0.8 
5 30 0.8 
6 - 19 0.6 
Avg . 41 
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. .  
3B 93* 2 9 
4A 92 * 2  
4B 9 2* 2 
SA 35 4 
95 3 5B 
Ay3 76 
- 
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TABLE V I 1 1  (Cont.) 
, .  
*B I L  
(VI 
SP2A-7-1 76 
2 72 2 12 
3 68 2 
4 7 6* 2 
5 7 5* 2 
6 
Avg . 72 
65* 2 13 -
A type gages have p-type impurity of 1 . 5 ~ 1 0 ~ ~  a t f c c a c t i v e  a reas  on. 
l-ohm-cm n-type subs t r a t e s .  
*Soft 
1 
2.1.3 EARLY STRESS SENSITIVITY MEASUREMENTS 
F i r s t  measurements of t he  s t r e s s  s e n s i t i v i t y  of t he  i s o l a t i n g  junc- 
t i o n  were performed i n  1966 (EOS, 1966). An EOS commerical dual 
element SPC3C-19 s t r a i n  gage made of n-type s i l i c o n  was se l ec t ed .  
- I_ .. .2u -3 It had a high surface impurity concentrat ion of about 3 x 10 cm , 
shee t  r e s i s t a n c e  of 25 ohms per square,  t y p i c a l  gage r e s i s t ance  of 
250 ohms, and a low temperature c o e f f i c i e n t  of r e s i s t i v i t y  of 6.5 f 
1 percent  per  100°F. 
t ions .  
sio2. 
room temperature without any p r e s t r e s s  of the  junct ion.  
contac ts  had been appl ied previously a t  e levated temperature, thus 
placing the la rge  contac t  a r eas  under compressive p re s t r e s s . )  
These gages were intended f o r  cryogenic appl ica-  
A t h i r d  contact  was at tached t o  the base after etching o f f  ;he 
The gage was bonded t o  an aluminum beam with Duco cement a t  
(The other  
The I - V  
curves were shown i n  Figs. 18 and 19. 
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A l i n e a r  increase  of reverse  cur ren t  o r  r e s i s t ance  with s t r a i n ,  shown 
i n  Fig. 20, was obtained i n  the  very s t eep  low dynamic r e s i s t a n c e  region 
of t he  I - V  curve,  Fig. 19, a t  t h e  poin ts  indicated by arrows. 
da ta  i n  Table IX show, the  cur ren t  and r e s i s t a n c e  gage f a c t o r s  are nea r ly  
equal except f o r  t he  s ign.  
A s  the  
A l i n e a r  cu r ren t - s t r a in  curve means t h a t  the  cur ren t  gage f a c t o r  A I / ( I c )  
or AR/(Rs) are constant  with s t r a i n .  
j u n c t i o n r e s i s t a n c e  R = V/I of about 2 x 10 
the  dynamic values  R' = dV/dI of about 2.5 x 10 
decrease r a p i d l y  with increas ing  vol tage ,  while t he  dynamic r e s i s t ance  
(slope of t he  dashed zero  s t r a i n  curves),  shoyn i n  Fig. 2 1  changes very 
slowly. 
smaller. 
due t o  a s l i g h t  d r i f t  i n  temperature and i t s  e f f e c t  on the  cur ren t  w a s  
cons iderably . la rger  than t h a t  due t o  s t ra in .  The g ige  f a c t o r s  i n  Fig. 20 
were a funct ion of the I - V  operat ing point .  
The average values  of reverse  
6 ohms are very d i f f e r e n t  from 
3 ohms, The average values  
Thus the dynamic r e s i s t a n c e  gage f a c t o r  i s  negat ive and much 
The d r i f t  of t h e  zero s t r a i n  I - V  curve i n  Fig. 21 w a s  probably 
This  dependence w a s  explored with the  second diode on the  same gage; 
SP3C-l9A, over a wider range of 'current  , as shown i n  Fig. 22 f o r  tension. 
The r e s i s t a n c e  gage f a c t o r  changed from s m a l l  values  of 50 t o  500, when 
it  was approximately equal t o  t h e  negat ive cu r ren t  gage f a c t o r ,  t o  a high 
value of 7760, when i t  d i f f e r e d  from the  cu r ren t  gage f a c t o r  value of 1590. 
These curves show t h a t  t he  optimum operating poin t  f o r  t h i s  diode i s  a t  
a b i a s  vol tage  which corresponds t o  zero s t r a i n  cur ren ts  of 10 t o  25 PA. 
This b i a s  vo l tage  would be s e n s i t i v e  t o  temperature. 
t he  cu r ren t  gage f a c t o r  wsuid be higher  than the r e s i s t a n c e  gage f a c t o r  * . 
because a decrease i n  r e s i s t a n c e  cannot be higher  than loo%, corresponding 
t o  a gage f a c t o r  of 2000, while  t he  increase  can be higher  than 100%. 
The vol tage  gage f a c t o r s  AV/(Ve) f o r  cons tan t  cur ren t  between 1 and 
300 pA i n  t he  second diode (SP3C-19A) were approximately 0.6 t o  1.0 for 
both t h e  reverse  breakdown and forward b i a s  regions and thus of l i t t l e  
p r a c t i c a l  importance. 
For compression, 
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Figure 20. Linear Current-Strain Characteristics of an SP3 
Junction in the (110) Plane Stressed in the 111 
Direction, No Frestress, T = 70°F 
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Current Gage Factors f o r  SP3C-19A in Tension 
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2.1.4 NEW DATA ON Si GAGE JUNCTIOX TEPPERATURE SENSITIVITY 
For the s t r a i n - g a g e  used i n  the  e a r l y  measurements, no observat ions of 
t he  effects of temperature, p r e s t r e s s ,  d i f f e r e n t  c r y s t a l  o r i e n t a t i o n  o r  
r e s i s t i v i t y ,  or gage geometry were made. 
gages w a s  s e l ec t ed  as shown i n  Table X. 
Figs.  16 and 17. 
A series of 13 EOS p-on-n type 
I 
Their geometry i s  given i n  
TABLE X 
Spec i f i ca t ion  of S t r a i n  Gage Diodes 
I d e n t i f i c a t i o n  Type and Bonded Gage 
Number Specimen No. Resis tance 
ohms 
1 SP2A-41-2 5301 
2 SP2A- 41-4 5325 
3 SP2A-41 - 6 . 5380 
7 SP3A-1-1B 1136 
8 SP3A-1-LA 1128 
I 
9 
10 
11 
12 
SP3A-1-3B 
SP3A-1-3A 
SP2A- 7 - 1 
SP2A- 7 - 2 
1202 
1182 
4366 
4330 
13 SP2A-7-6 4559 
-3 A l l  gages have p-type impurity of 1 . 5 ~ 1 0 ~ ~  atoms c m  
c e n t r a t i o n  a c t i v e  areas on n - t l p e  s u b s t r a t e  of about 1 ohm c m  
r e s i s t i v i t y  with s t r a i n  i n  the  [ l i l j  d i r e c t i o n ,  j unc t ion  i n  
the (110) plane. 
con- 
These elements were bonded t o  a Invar beam wi th  6203 epoxy cement a t  
250°Fo 
s t r a i n  u n i t s  a t  room temperature. 
were measured before  and a f t e r  the bonding , t h e  p r e s t r e s s  l e v e l  could 
This gave t h e  gages a compressive p r e s t r e s s  of about 850 micro- 
I f  the  gage p i e z o e l e c t r i c  r e s i s t a n c e s  
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be determined..  It depended upon the d i f f e rence  of thermal expansion 
coe f f i c i en t s  of the beam and the  s i l i c o n  i n  t h a t  d i r e c t i o n ,  and upon 
the d i f f e rence  between the bonding 
for d i f f e r e n t  operat ing temperature 
increase in tension f o r  every 10 F rise 0 
. .  
The I - V  curves of Fig. 23 show a br 
creasing temperature of 99%/100 F,  while reverse leakage increases  by 
'2600%/1000F. 
upon the ambient l i g h t  leve l .  
r e n t s  i n  the  nA range. To > - -  reduce _. the  . . a1 __. thermal. e f f e c t  i n  the  break- 
down region it  takes a tension p r e s t r e s s  , while  i n  the  reverse  leakage 
region a compression. So f a r  w e  d id  not consider t he  add i t iona l  thermal 
cons t r a in t  by the contac t  metal  over an a rea  which is  1 t o  5 t i m e s  t h a t  
of t he  a c t i v e  area. I n  the  contact  a r ea  the metal  r e s t r a i n s  motion 
0 
The breakdown cur ren t  s t a b i l i t y  below 20 pA w a s  dependent 
These gages generated photoe lec t r ic  cur- 
during the bending, thus introducing l o c a l  shear stress. Since the  
thermal expansion of most metals i s  l a rge r  than t h a t  of S i ,  the  contact  
metal j u s t  adds to  the  e f f e c t  of the beam m e t a l .  
tact e f f e c t s  one should use gages with la rge  ac t ive- to-contac t  area 
To separa te  the  con- 
r a t i o s .  
2.1.5 NEW DATA ON STRESS SENSITIVITY 
20 
The l o w  r e s i s t i v i t y  (2 x 10 
give s t a b l e  readings because of excessive sur face  leakage cur ren ts  be- 
tween th.e etched por t ion  of the  s u b s t r a t e  and the d i f fused  p-type mi te r i s l .  
All t he  da ta  w e r e  f o r  l o w  sur face  concentrat ion u n i t s  only,  but f o r  two 
ato~ns-cm-~) samples 4, 5 and 6 did not 
geometries. A l l  had the  same c r y s t a l  o r i en ta t ion  and a l l  were s t r e s sed  
along the  [ill] d i r e c t i o n  and the  length of t he  r e s i s t i v e  element. 
. .  
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Figure 2 3 .  Temperature Effec t  on the  Reverse I-V C h a r a c t e r i s t i c  
of t h e  SP2A-41-4 (Sample No. 2 )  Gage Junct ion  
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The forward c u r r e n t  gage fac.tor AI/ ( Ic )  could be measured only a t  high 
(300pA) c u r r e n t  l e v e l s  when t h e i r  values were below 4 0 .  The forward 
vol tage  gage f a c t o r  was near  un i ty .  The reverse  b i a s  da ta  a r e  shown 
i n  Table X I ,  where t h e  s c a t t e r  of breakdown vol tages  from 20 t o  l l O V  
can be seen. Highest c u r r e n t  gage f a c t o r s  (V = constant)  were about 
2000 f o r  the  SP3 geometry u n i t s .  The SP2 geometry gave, a t  b e s t ,  about 
900, Tension (4-47Opb) decreased the  c u r r e n t ,  g iv ing  lower gage f a c t o r s  
than compression (-470p,e), which increased c u r r e n t .  
was again very s e n s i t i v e  t o  the  opera t ing  poin t  which was gene ra l ly  
s e l e c t e d  f o r  convenience and not  optimized. Note t h a t  when the  in -  
crease i n  c u r r e n t  wi th  compression i s  about 100 percent ,  t h e  cu r ren t  
gage f a c t o r  i s  about 100 percent  l a r g e r  than t h e  one f o r  tens ion .  The 
r e s i s t a n c e  and c u r r e n t  gage f a c t o r s  no t  only have opposite s igns ,  b u t  
t h e  r a t i o  of absolu te  va lues  f o r  compression and tens ion  i s  reversed .  
The gage f a c t o r  
Tens ion 
3'470ps 
Compression 
-47OpG - -2250 1100 
Thus t h e  gage f a c t o r  corresponding t o  a p o s i t i v e  change should be 
s e l e c t e d  by choosing e i t h e r  between compression o r  tens ion ,  o r  between 
c u r r e n t  and r e s i s t a n c e .  
p o s i t i v e  change, u sua l ly  the  c u r r e n t  gage f a c t o r  i n  compression. 
A l l  da t a  given without q u a l i f i c a t i o n  imply a 
.In t hese  experiments primary s t r e s s  was always' l ong i tud ina l  along the 
gage length.  Since the  c u r r e n t  flow i s  perpendicular t c   he stress 
d i r e c t i o n ,  s i m i l a r  r e s u l t s  a r e  expected fo r  a t r ansve r se  primary s t r e s s ,  
even though one u n i t  mounted t ransverse  was no t  s e n s i t i v e  t o  s t r a i n .  
For more d e t a i l e d  temperature s e n s i t i v i t y  s t u d i e s  the  b e s t  of the  
s i n g l e  diode low conduc t iv i ty  gages was s e l e c t e d .  It had a low break- 
down vo l t age .o f  about 34.5V and cu r ren t  gage f a c t o r s  of 300 t o  900 a t  
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c u r r e n t s  of 1 t o  8 pA.  The I - V  curves have a l ready  been shown i n  F ig .  
23. Figures 24, 25, and 26 a r e  a s e t  of enlarged breakdown cha rac t e r -  
i s t ics  f o r  d i f f e r e n t  s t r a i n s  a t  each temperature. Note how small t he  
e f f e c t  of s t r a i n  i s  compared t d ' t h a t  of temperature. . . .  
The corresponding c u r r e n t  change versus appl ied  s t r a i n  curves,  F igs .  
27, 28, and 29,  show only s l i g h t  n o n l i n e a r i t i e s ,  i n s t ead  of an exponen- 
t i a l  increase  and a threshold a s  i n  the  case of po in t  s t r e s s .  The 
approximate a c t u a l  zero s t r a i n  value i s  marked by a zero,  corresponding 
t o  about 870pe a t  79OF (Fig. 27) and 1170pg a t  -12OF (Fig. 28) and 
390~36: a t  182OF :(Figr 29). 
t he  opera t ing  temperature change s h i f t s  the zero s t r a i n  l e v e l  away from 
the  c e n t e r  of t h e  applied s t r a i n  range. For tens ion  the curves cannot 
be l i n e a r  except near  t he  o r i g i n  because they must approach the  100 
Note t h a t  t he  n o n l i n e a r i t y  increases  when 
percent  value.  
2.1.6 FIRST ORDER ANALYSIS OF STRESS AND TEMPERATURE EFFECTS ON STRAIN 
GAGE JUNCTIONS 
The,semilog I-V p l o t s  i n  F igs .  24,  25, and 26 suggest the  following 
approximations: 1 
a. The log  I versus  V p l o t  i s  l i n e a r  over one t o  t h r e e  decades 
of c u r r e n t  (depending upon temperature) or over 0.2 t o  0.4 
v o l t  change i n  breakdown voltage.  
b, The s lope  of the  log  I versus V curves does not change with 
stress o r  temperature. 
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Figure 24. Strain Effect on Reverse I -V  Characteristic at 79'F for 
SP2A-41-4 
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of the  l o g  I versus V curves f o r  d i f f e r e n t  
s t r e s s e s  i s  n e a r l y  uniform wi th  V and T. This  implies a 
a s  
l o g  I = 
l o g  I = 
log I = 
The l i n e a r  approximation of t h e  log  I versus V curve can be expressed 
The c u r r e n t  gage f a c t o r s  corresponding t o  these  th ree  sets of curves 
fo r  t h e  t h r e e  temperatures were very s e n s i t i v e  t o  the  s e l e c t i o n  of the  
cons tan t  vo l tage  operat'ing p o i n t ,  a s  shown i n  Fig.  30. The maximum 
value of gage f a c t o r  increased with decreas ing  temperature. A decrease 
of about 30 F i n  temperature a t  cons tan t  vo l tage  caused about a decade 
decrease i n  tile gage f a c t o r  which could be e l imina ted  by a 0.3V reduc- 
t i o n  of t he  opera t ing  vol tage .  The c u r r e n t  gage f a c t o r  a s  a func t ion  
of t he  c u r r e n t ,  F ig .  31, showed a much broader nea r ly  cons tan t  region 
and a very  i n t e r e s t i n g  convergence of the curves above 3pA. 
the  gage f a c t o r s  appeared independent of temperature. 
decreased from 800 t o  3pA t o  about 100 a t  309A.. If a matched diode 
gage with i d e n t i c a l  breakdown vol tage  was used f o r  a re ference ,  one 
0 
Above 3 1 4  
They slowly 
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could s h i f t  the  cons tan t  vol tage opera t ing  poin t  t o  maintain a constant  
gage f a c t o r  a t  d i f f e r e n t  temperatures. 
considerable  spread making i t  d i f f i c u l t  t o  p l o t  t he  curves with much 
The few measured poin ts  had a 
I 
Similar  sets of da t a  were obtained f o r  a high conduct ivi ty  gage, SP2C-1-9, 
shown i n  F igs .  32,  33, and 34. This  u n i t  a l s o  exhib i ted  increased re- 
s i s t a n c e  (lower slope) and lack  of stress s e n s i t i v i t y  above 25pA. The 
l a rge  e f f e c t  of temperature i n  comparison w i t h ' s t r e s s  i s  evident .  The 
stress s e n s i t i v i t y  appears t o  continue down t o  very low cu r ren t s  (0.06 
@) outs ide  the  breakdown ( i n  leakage) region. Even i n  t h i s  nonl inear  
log  I versus V region t h e  gage f a c t o r  remains near ly  constant  with 
vol tage (or cur ren t )  over a small  region. 
The cu r ren t  gage f a c t d r  a t  the var ious temperatures i n  Fig.  35 for  t h i s  
u n i t  again i l l u s t r a t e s  t he  need fo r  s h i f t i n g  the  "constant" operat-  
ing vol tage t o  maintain near maximum gage f a c t o r .  A t  a high cu r ren t ,  ' 
i n  Fig.  36, the gage f a c t o r  was not necessa r i ly  independent of tempera- 
tu re :  S imi la r  curves f o r  another u n i t  shown i n  Figs .  37 and 38 confirm 
t h a t  t he  maximum gage f a c t o r  i s  dependent upon temperature. A reduced 
temperature dependence may be obtained a t  reduced gage f a c t o r s  of 200 
t o  300 ins t ead  of the  near  maximum 700 t o  1300. Also the  high conduc- 
t i v i t y  gage does not  appear t o  be more independent of temperature. 
Rather, i t  seems t o  depend upon the p a r t i c u l a r  u n i t .  
The equival.ect temperature change t o  a 1000 micros t ra in  compression i s  
3'F f o r  SP2A-41-4 , SPZC-1-9. This  corresponds to  a cur ren t  change of 
1.6@ i n  2pA (cur ren t  gage f a c t o r  of 800) o r  a vol tage change of 0.03V 
i n  34.W (a vol tage gage f a c t o r  of about 1). 
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Figure 32. Current-Voltage Characteristics as a Function of 
Temperature fo r  High Conductivity SP2C-1-9 (#6)  
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S t r a i n  , fo r  High Conductivity SP2C-1-9 (#6 )  
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2.1.7 COMPARISON OF JUNCTION SENSORS W I T H  SENICONDUCTOR Ah9 METAL 
STRAIN GAGES AND SUGGESTED PROBLEMS 
- Table X I 1  sho 
s t r a i n  gages with the  junc t ion  device showing t h e  h ighes t  gage f a c t o r ,  
b u t  a l s o  a h igher  temperature s e n s i t i v i t y .  
, 
Many unanswered ques t ions  remain i n  t h i s  s tudy  of junc t ion  s t r a i n  gages,, 
What is t h e  optimum c r y s t a l  o r i e n t a t i o n  when the  c u r r e n t  i n  the  device 
flows perpendicular t o  the  junc t ion  plane and the  stress vector? 
rl 
What i s  t h e  e f f e c t  of doping and junc t ion  thickness? 
What would be the e f f e c t  of a l a r g e  a c t i v e  t o  con tac t  a rea  r a t i o ?  
. -  . .  . .  . 
Why was t h e r e  no stress s e n s i t i v i t y  when the  gage was s t r e s s e d  perpen- 
d i c u l a r  t o  the  long dimension of the  r e s i s t a n c e  (and optimum c r y s t a l  
d i r ec t ion )  ? 
Is t he  high temperature s e n s i t i v i t y  due t o  the  l a r g e  con tac t  a rea  r a t i o ?  
How f a r  can the  temperature e f f e c t  be compensated by s e l e c t i o n  of the  
metal t o  which the gage i s  bonded? ' 
What are. t h e  noise  c h a r a c t e r i s t i c s  of t h e  junc t ions?  
2.2 TEMPERATURE-CONPENSATED ZENER DIODES 
Zener diodes e x h i b i t  a . sha rp  breakdown voltage and a r e  used as  vol tage  
r egu la to r s  o r  re ferences  between 2 .4  and 200 v o l t s .  
of 5, 10, and 20 percent  between samples a r e  a v a i l a b l e .  The 50-watt 
Voltage to le rances  
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TABLE XI1 
COMPARISON OF GAGE FACTORS, TEEIPERATURE COEFFICIENTS 
AND EQUIVALENT TEIQERATURE CHANGE FOR A GIVEN STRESS 
Elemental Netals 
Pt 
Fe 
Ni 
Metal Alloys 
Advance 
S e m i c  onduc tors 
bR .__ OF -1 AT Equivalent 
R€ RAT ' t o  1000p~> 0F 
4 e8 
4.2 
3 1.6 
5 0.84 
-12.1 6 x lom3 
S i  100 2 x 
-2.02 
2100 
50 
S i  Strain Gage Junction 800 0.27 3 
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M o t o  r o 1 a Zener diode has a minimum 
1.4A.  The temperature c o e f f i c i e n t  of vo l tage  changes from negative 
t o  p o s i t i v e  a t  5 t o  6 v o l t s  because the mechanism of b r  
from tunnel ing  t o  avalanche. I n  t h i s  ion  one may ob a near-zer.0 
temperature c o e f f i c i e n t  of vo l tage  f o r  a sens ess sensor. The 
c o e f f i c i e n t  i nc reases  a s  shown i n  F ig .  39, l e v e l i n g  of f  a t  about 0.1 
percent/OC (or  10 percent/10O0C) . 
Some temperature compensation i s  achieved by us ing  s e v e r a l  lower vol tage  
d iodes  i n  series, because they have lower temperature c o e f f i c i e n t s .  
The usual method f o r  temperature compensation i s  t o  use a series s i l i c o n  
r e c t i f i e r  diode which has  a temperature c o e f f i c i e n t  of opposite s ign .  
A t  10 t o  100 mA the f0rwar.d vol tage  changes by about -2 mV/OC. 
t hese  compensates a 6.3V d i f fused  Zener d i o d e . .  Two a r e  requi red  f o r  
One of 
an 8.2V u n i t ,  t h ree  f o r  a 9.9V device.  These diodes a r e  only compen- 
s a t e d  a t  one value of c u r r e n t ,  which can be found from the  i n t e r s e c t i o n  
poin t  of two I-V curves taken a t  d i f f e r e n t  temperatures. 
The planar 6.8V temperature compensated diode made by Continental  
Device Corporation can have a TC a s  low a s  0.0002 percent/OC a t  100 pA 
between -55OC and +lOO°C. 
A l a r g e  number of unmounted and untes ted  ch ips  of the  Zener diodes,  
which upon s e l e c t i o n  became CDT 4012 through 4035, was made ava i l ab le  
by CDC. 
i n g  on the  header.  
ness .  Zener and r e c t i f y i n g  junc t ions  a r e  d i f fused  i n t o  m z c e n t r i c  
c i r c u l a r d a r e a s  of 25 and 14 m i l  diameters w i th  an 8 m i l  diameter c e n t r a l  
aluminum con tac t  a r ea .  Three u n i t s  were s e l e c t e d  and mounted on the  
uniform stress beam. 
was between 0.1 and 0.3. The zero d r i f t  of 20.01 percent of vo l tage  
was 10 t o  20 percent of f u l l  s c a l e  s t r e s s  reading o r  even more a t  
1000 pA because of the very small gage f a c t o r .  
These have TC's  between 0.01 t o  0.0005 percent/OC a f t e r  mount- 
The ch ips  a r e  35 m i l  squares of 2 t o  3 m i l s  th ick-  
Between 10 and 5 0 0 ~ ~  t h e  Zener vol tage  gage f a c t o r  
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The Zener cu r ren t  gage f a c t o r  (ZCGF) ranged between 20 and 45 between 
1 and 500 @ , a s  shown i n  F ig .  40. The compression ZCGF, which gives . 
a p o s i t i v e  change, was a s  much a s  30 percent lower than  t h e  tens ion  
* ZCGF, which gives nega t ive  change. The l a t t e r  was used t o  show the  
e f f e c t  of temperature i n  F ig .  41. 
t o  1000 micros t ra in  tens ion  stress was about -20°F (between 10 and 
The equiva len t  temperature change 
100 e). 
For eleven o the r  CDT diodes,  the Zener vol tage  temperature c o e f f i c i e n t s  
(ZVTC) i n  Table XIV, were measured with lea'ds a t tached  but  ch ips  un- 
mounted (no hea t  s inks ) .  
ZVTC decreased from about 0.15 percent/lOO°F ate*50 pA t o  about: 0.01- 
0.05 percent/lOO°F a t  150 PA. 
0 0 For temperatures between 55 F and 80 F ,  the  
. 
The s c a t t e r  of TC f o r  var ious  u n i t s  v a s  
over a decade. The zero TC po in t  f o r  unmounted diodes was h igher  than 
150 p,AI suggesting t h a t  t h e  d i f f e r e n t i a l  expansion of the  header p a r t i -  
c i p a t e s  i n  temperature compensation. 
The Zener avalanche breakdown process has an inherent  no i se ,  shown i n  
F ig .  42, which is  1 to  2 nV o r  even l a r g e r  a t  the  small cu r ren t .  DC 
measurements d id  not  show t h i s  no ise .  
2.3 SILICON N-P-N TRANSISTORS 
Two types of s i l i c o n  p lanar  n-p-n t r a n s i s t o r s  were used: 
purpose type (CDQ16157), and a medium power device  ( l o t  number N519) 
made by .Continental Device Corp . , Hawthorne, Ca l i fo rn ia .  
shows the  geometry of t h e  f i r s t  type and Fig.  4 4 ,  t h a t  o f  the  second. 
I n  both  cases ,  the  junc t ions  a r e  i n  t h e  (111) plane. The l a r g e  s i g n a l  
be t a  f o r  bo th  types measured approximately 150 a t  t h e  c o l l e c t o r  c u r r e n t  
l e v e l s  used i n  the  tests. 
a genera l  
Figure 43 
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CDT-1 
CDT-2 
CDT-4 
CDT-5 
CDT-6 
CDT- 7 
CDT-8 
TABLE X I V  
ZENER CURRENT CHANGE IN PA FROH 
VALUES AT THREE CURREHT 
(The voltage is shown in parent 
100 pA 125 pA .150 PA 
5'F 80°F 105OF 5'F 80°F 105OF 55OF 80°F 105OF 
+1.3 (6.7737) -1.1 4-1.2 (6.7819) -1.3 f0 .8  (6.7893) -1.2 
4-1.2 (6.7746) -1.4 4-1.0 (6.7855) -1.4- 3.0.6 (6.7962) -1.2 
3.1.2 (6.6992) -1.2 .+1.0 (6.7066) -2.0 +0.9 (6.7127) -1.7 
4-1.0 (6.7475) - 1.5 4-0.8 (6.7622) -1.2 +0.9 (6.7757) 4-0.5 
+O.G (6.7132) -2.6 1-0.6 (6.7268) '-1.8 +0.4 (6.7268) -1.8 
0 (6.7835) -2.2 -0.2 (6.7905) -1.6 -0.4 (6.7963) -1.2 
+0.1 (6.7599) -0.8 -0.2 (6.7678) -0.8 -0.2 (6.7749) -0.7 
CDT-9 -0.3 (6.7951) -2.0 -0.6 (6.8022) -1.4 -1.0 (6.8052) -1.1 
CDT-10 4-2.3 (6.5920) -2.9 I-2.4 (6.6038)' -2.3 4-2.3 (6.6145) -1.9 
CDT-11 +1.2 (6.7528) -1.6 90.9 (6.7668) -1.4 4-0.9 (6.7800) -1.4 
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Figure 4 3 .  CDQ16157 Trans i s to r  Chip 
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The test samples were bonded t o  a por t ion  of a 17-7 s t a i n l e s s  s t e e l  
c a n t i l e v e r  beam over which the change i n  s t r a i n  i s  proport ional  t o  the 
de f l ec t ion  of the end ok the  beam. Figure 4 5  i s  a photograph of the 
cons tan t  stress por t ion  of the beam wi th  some of the  samples  mounted. 
The s t r a i n  e f f e c t s  on the t r a n s i s t o r  samples were' measured f o r  beam 
de f l ec t ions  corresponding t o  a 470 micros t ra in  l e v e l .  
the  c o l l e c t o r  c h a r a c t e r i s t i c  f o r  Type GDQ16157, sample N o .  1, and i s  
typ ica l  f o r  the  o the r  samples. Figure 4 7 . i ~  . .  an enlarged por t ion  of the 
c o l l e c t o r  c h a r a c t e r i s t i c  and i l l u s t r a t e s  the  s t r a i n  e f f e c t  a t  a co l l ec -  
t o r  cu r ren t  of 8 mA. From t h i s  t e s t ,  i t  was ev ident  t h a t  a maximum 
Figure  46 shows 
change i n  c o l l e c t o r  vo l tage  was obtained when supplying t h e  c o l l e c t o r  
from a cons tan t  cu r ren t  sousce. This  i s  the ' cond i t ion  f o r  maximum 
gain i n  a s tandard grounded emi t t e r  conf igura t ion ,  using a s  high a 
c o l l e c t o r  load impedance a s  poss ib le .  
A summary of the da t a ,  Table XV, shows the v a r i a t i o n  of t h e  c o l l e c t o r  . 
vol tage  w i t h  appl ied  stress f o r  var ious opera t ing  condi t ions.  The 
grounded e m i t t e r  conf igura t ion  was used throughout and the  base cu r ren t  
was suppl ied through a 1N.9 r e s i s t o r  from an ad jus tab le  vol tage Ib  
supply. 
cases  where a cons tan t  cu r ren t  supply was.used. A s  predic ted  from the  
i n i t i a l  tests on the  curve t r a c e r ,  the  vol tage v a r i a t i o n  was a maximum 
f o r  t h i s  case  when compared with t h a t  obtained f o r  f i n i t e  c o l l e c t o r  
loads 
The c o l l e c t o r  load ,  Rc, was designated a s  i n f i n i t e  f o r  the 
- .  
The v a r i a t i o n  c f  opera t ing  poirlt and s e n s i t i v i t y  with temperature i s  
a l s o  of i n t e r e s t .  To maintain the same c o l l e c t o r  re ference  vol tage ,  
with temperature,  when opera t ing  from a c u r r e n t  source,  i t  was 'ref, 
necessary t o  ad jus t  the base cu r ren t ,  increas ing  i t  i n  co ld  and reduc- 
ing  i t  a t  the hot  temperature. This  s t e p  i s  necessary t o  compensate 
f o r  t he  t r a n s i s t o r  v a r i a t i o n s  i n  be ta .  For the tests w i t h  f i n i t e  
c o l l e c t o r  loads ,  the base cu r ren t  was l e f t  cons tan t  and the c o l l e c t o r  
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vo l tage  v a r i a t i o n s  recorded. 
decreases with co lde r  temperatures,  t h e  vol tage  r i s e s .  
could be used a s  t h e  b a s i s  f o r  c o n t r o l l i n g  the  base cu r ren t  i n  a 
second t r a n s i s t o r  ope ra t ing  with a c o l l e c t o r  cu r ren t  source and would 
thus provide temperature compensation. Secondary. variat ' ions could be 
reduced by us ing  t h e  f i r s t  c o l l e c t o r  a s  t he  re ference  f o r  the  s t r a i n  
s i g n a l ,  s i n c e  the s t r a i n  s e n s i t i v i t y  is  q u i t e  low f o r  t he  f i r s t  case .  
This could be  achieved by c i r c u i t  design which could lead  t o  a s i n g l e  
ch ip  in t eg ra t ed  c i r c u i t  with h igh  output rl: for .  d i r e c t  a p p l i c a t i o n  t o  
a force  summing o r  displacement device.  
Since the c o l l e c t o r  c u r r e n t ,  
This  change 
C 
2.4 TUNNEL DIODES 
Tunnel diodes have been s t r a i n e d  on a 
by S ikorsk i  (1964). The tunnel diode 
/ 
beau o r  diaphragn, a s  described 
" s t r a i n  gage" was cons t ruc ted  by 
F o r s t  of B e l l  Labs a s  shown i n  Fig.  4 8 .  The junc t ion  was made i n  the 
(111) plane of S i  which had been doped with 5 x 10 atoms-cm-2 of Sb.  
The ch ip  of unspec i f ied  th ickness  was a t tached  t o  a Be-Cu beam wi th  
epoxy r e s i n .  
t a ined  by choice of shunt r e s i s t o r  va lues .  
vo l tage  gage f a c t o r s  were 50 t o  400 o r  higher.  
l imi t ed  only  by no i se  and temperature f l u c t u a t i o n s .  
i n t e g r a l  diodes on oppos i te  s i d e s  of a S i  beam doubles the  s i g n a l ,  com- 
pensates f o r  temperature, and e l imina te s  c reep  i n  the  cements a s  shown 
i n  Pig.  4 9 .  
9 
I n  the  ampl i f i e r  mode var ious  s e n s i t i v i t i e s  could be ob- 
With a s t r a i n  of lom3 the  
The s e n s i t i v i t y  was 
The use of two 
The formation of tunnel d i x ? e s  on S i  whiskers (needles) o r  ribbons and 
microphone d i a p h r a p s  was suggested by S iko r sk i  (1944). An experimental 
high accuracy d i g i t a l  accelerometer using i n t e g r a l  tunnel diodes on 
opposite s i d e s  of a S i  beam a s  a s t r a i n  gage wi th  frequency modulated 
output has been repor ted  (Shut t ,  e t  a l ,  1966). 
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Figure 49. Two Tunnel Diode S t r a i n  Gages Fabricated from a 
Single  S i l i c o n  Beam 
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c u r r e n t  i n j e c t i o n  from an emitter junct ion.  This  gives  a nega t ive  
r e s i s t ance  c h a r a c t e r i s t i c  f o r  emitter c i r c u i t  a s  shown i n  Fig.  50. 
The equiva len t  c i r c u i t ,  a l s o  shown i n  Fig.  50, def ines  t h e  var ious 
parameters. 
It increases  with temperature a t  the  r a t e  of 0.8 percent/OC. 
i n t r i n s i c  stand-off r a t i o  i s  defined i n  terns of the peak emitter 
The in t e rbase  r e s i s t ance  %i i s  the  sum of 531 and %2' 
The 
The negat ive  r e s i s t ance  c h a r a c t e r i s t i c  makes the uni junc t ion  t ran-  
s i s t o r  i d e a l  f o r  s t a b l e  low c o s t  r e l axa t ion  o s c i l l a t o r s .  The two base 
r e s i s t ances  form a vol tage d iv ide r .  When the emitter vol tage i s  below 
t h i s  vo l tage  the junc t ion  i s  reverse-biased; no cu r ren t  flows and the 
RSl i s  cons tan t  and a t  i t s  maximum value.  
i s  exceeded, minori ty  c a r r i e r  i n j e c t i o n  s t a r t s  t o  reduce . For 
t h i s  t o  occur the minor i ty  c a r r i e r  l i f e t i m e  T mus t  be g r e a t e r  than 
t h e i r  t r a n s i t  t i m e  through length L of base one. The t r a n s i t  time 
1 
depends upon the p o t e n t i a l  g rad ien t  V 
c a r r i e r s .  The term T can be approximaced by 
RBI 
When the  vol tage V 
BR 531 + 532 
531 
/I, and the mobi l i ty  p., of the 
Hl3 
. For n-type high r e s i s t i v i t y  s t r a i n  gage s i l i c o n  of 10 ohm-cm 
. 
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Figure 5 0 .  Symbol and SLmplified Eqiiivaleat Circuit  of  the Unijunction 
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f 60 V/cm the  maximum length  f o r  L t o  s a t i s f y  T >  t is  1 
L1 = Tp(VBB~) = LO” x 450 x 60 = 0.27 c m  
o r  0.027 cm f o r  T = sec. The experimental value was about 
0.20 crn. 
Tn 
2 -1 -1 P = 750 c m  - v o l t  - sec , , Pn For a p-type Si of  1 ohm-cm 
= 10’’ t o  and I 
L1 = 10’’ x 750 x 30 = 0.225 cm’ 
For S p a ,  p, 
L1 = 2 
2.5.2 EFFECT 
S t r e s s  of the  
T* = 300 cm- - v o l t  - - sec 
x lom6 x 300 x 50 = 0.03 c m  
OF STRESS I N  DIFFERENT UNIJUNCTION TYPES 
uni junc t ion  t r a n s i s t o r  would change the  base r e s i s t i v i t y  
by t h e  usua l  p i e z o r e s i s t i v e  e f f e c t  with a gage f a c t o r  of 100 t o  150. 
This can change t h e  V i f  stress is  appl ied  t o  one base only ,  and can 
give a considerable output vo l tage .  However, t h e  junc t ion  vol tage  
should dlso be a f f ec t ed  ( t h e  “piezojunction” e f f e c t )  a s  would the  
c a r r i e r  mob i l i t y  i n  i f  t he  e n t i r e  device i s  s t r e s sed .  
P 
Commercial devices a r e  of the  ba r ,  cube, o r  p lanar  type. The bar  
type i s  gold-alloyed t o  a ceramic wafer wi th  an a i r  gap under the  
cen te r .  Though d i f f i c u l t  t o  remove, t h i s  is  the  most s u i t a b l e  geometry 
f o r  app l i ca t ion  to  bent beams when the  ba r  can be epoxied down without 
5 
# 
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with an 8 m i l  a i r  gap. 
d i r e c t i o n  is  nea r ly  perpendicular t o  the  I 
When s t r e s s  i s  appl ied  between the bases ,  i t s  
B1'  , more along the  d i r e c t i o n  
. of I because of the  nonsymmetrical l oca t ion  
S t r e s s  i s  nonuniform and i s  more concentrat  
the  junc t ion .  
t a c t  and may increase  the  required migration length .  
junc t ion  e f f e c t  i s  preva len t ,  stress should be appl ied  t o  t h e  emitter 
B2 
Application t o  the  beam removes a p a r t  o 
I f  t h e p i e z o -  
._  
contac t  wi're which i n  the  commercial u n i t s  has  been very f r a g i l e .  
The cube type could make an exce l l en t  sensor u n i t  f o r  u n i a x i a l  stress 
app l i ca t ion  t o  e i t h e r  t he  base contac t  w i r e  o r  t h e  e m i t t e r  j unc t ion  
wire.  
More r ecen t ly ,  p lanar  d i f fused  s t r u c t u r e s  have been made of even higher 
temperature s t a b i l i t y  using p-type base ma te r i a l ,  b u t  the  one u n i t  
t r i e d  was no t  s t r a i n  s e n s i t i v e .  
2.5.3 EARLY STESS SENSITIVITY MEASUREFKEXTS 
Experimental un i junc t ion  s t r a i n  sensors were made a t  EOS from n-type 
10 ohm-cm S i  b a r s  of 10 x 10 x 180 m i l s  o r i en ted  along the  [loo) a x i s .  
These u n i t s  exh ib i t ed  negative r e s i s t a n c e  above a V of 1OV. Beam 
stress of e i t h e r  RSl o r  s2 alone produced only a 50 mV change i n  V 
a t  VBB y 25V and 500 mic ros t r a in ,  
assuming only the  . p i e z o r e s i s t i v e  e f f e c t .  
BB 
This was a decade below the 360 1217, 
P 
When the  e n t i r e  ba r  was cemented t o  a beam a s  shown i n  F ig .  51, the  
frequency of the o s c i l l a t o r  c i r c u i t  shown i n  F ig .  52 changed 25 percent 
f o r  750 microstrain. ,  
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N- TYPE SILICON (&lO~-crn) 
INSULATING ADHESIVE LAYER 
ELASTIC BEAM 
Figure 51. Unijunction Transistor Strain Gage'Cemented on Beam 
~. . 
. _  . 
v, = 35v  
Vz = 4.6V 
R1 = SKS1 
R3 = 90Cl 
C = 0.0SpF 
Figure 52. Schematic of Test Circuit for Unijunction Transistor - 
Strain Gage VI = 35V, V2 = 4 . 6 V ,  C = 0.05 pF, R1 = 5 KQ 
R 3  = 909 * 
. 
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The output  frequency versus  s t r a i n  c h a r a c t e r i s t i c  was shown i n  F ig .  
53. 
than 5 percent.  
quadra t ic  term and could be reduced t o  well below the  requi red  st0.5 
perce'nt f u l l - s c a l e  by means of two u n i t s  i n  an arrangement s i m i l a r  t o  
t h a t  shown i n  F ig .  4 9 .  The two uni junc t ions  incorporated i n  a f r ee -  
. running mul t iv ib ra to r  could be made t o  have an output frequency l i n -  
For values of s t r a i n  below 500 p in . / in . ,  the  non l inea r i ty  i s  less 
This  n o n l i n e a r i t y  appears t o  be due p r i n c i p a l l y  t o  a 
. 
e a r l y  propor t iona l  t o  frequency and r e l a t i v e l y  independent of tempera- 
t u re .  Bar's of p-type S i  with a s i m i l a r  A 1  a l loyed  junc t ion  d id  n o t  
show 
were 
g a s  
t ive  
a negative r e s i s t a n c e  region. 
connected i n  a un i junc t ion  conf igura t ion  with the  p-type d i f fused  
a s  t h e  base and the  s u b s t r a t e  a s  t he  emitter. Only a small nega- 
r e s i s t a n c e  reg ion  was observed. 
Several  of the  d i f fused  SP2 gages 
a .  
2.5.4 TEMPERATURE STABILITY OF OSCILLATORS WITH COMMERCIAL UJT'S 
For stress measurement wi th  UJT would be operated i n  a r e l a x a t i o n  
o s c i l l a t o r  c i r c u i t ,  such a s  t h a t  shown i n  F ig .  52. The frequency of 
the  c i r c u i t  i s  approximated by ' 
1 
f M  1 RIC I n  - 1-9 
where the  R and C a r e  e x t e r n a l  and only 7\ is  determined by the  UJT. 1 
Actua l ly  the  frequency-determining va r i ab le  is  t h e  peak vol tage ,  V 
P 
v 
P 'B + 'D 
\ 
For a b a r  type V 
on the  frequency i s  due mostly t o  the  v a r i a t i o n  of VD s ince  the  change 
of 
i s  t y p i c a l l y  0.67V. The e f f e c t  of UJT temperature 
P 
This can  be compensated by a r e s i s t o r  R2 i n  C i r c u i t  I i s  small. 
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Figure 53. Output Frequency versus  S t r a i n ’  f o r  Electro-Optical  Systems 
Unijunction Trans i s to r  S t r a i n  Gage (Data from R. Bowman) 
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as shown i n  Fig.  54. As 
due t o  the vol tage divide 
O o 7  %B 
7 \v  R2 = 
v 
Only the UJT i s  a t  t e  
by s e l e c t i o n  of proper temperature c o e f f i c i e n t s  of R and C. 
.range of 0 t o  100°C, the  frequency s t a b i l i t y  should be b e t t e r  than k0.2 
percent t o  j u s t i f y  s e l e c t i o n  of proper R 
cent  c'an be achieved with component TC matching. 
Over' the  1 
S t a b i l i t y  over f0.05 per- 2 '  
Actual t e s t  r e s u l t s ,  Table XVI, over the  wider <temperat 
-55 t o  S125OC show t y p i c a l  deviat ibns of frequency of 2 t o  10 percent  
except f o r  t he  planar complementary D5K1 of 1 t o  3 percent .  C i r cu i t  
11, shown i n  Fig.  55, gives  b e t t e r  temperature s t a b i l i t y . '  The and 
RBB values  a r e  shown i n  Ta 
given i n  F ig .  56. 
2.5.5 STRESS MEASUF33IENTS 
For stress experiments, a UJT of minimum thickness  and maximum tempera- 
t u r e  s t a b i l i t y  was des i red .  The cube types l i k e  the  inexpensive '2N2646 
were too th ick .  The T I  2N3980 planar  UJT  a l s o  was very th ick ,  while 
the GE D5K1 complementary planar device had no s t r e s s  s e n s i t i v i t y  even 
though the  ch ip  was only 5 m i l s  th ick .  
No unmounted U J T  chips  could be procured from t h e  manufacturers. Of 
the  b a r  types,  the 2N490 and 2N1671 come t o  TO-5 cans on 20 m i l  t h i c k  
ceramic wafers.  I n  the  i n i t i a l  experiments t he  S i  bar  was l e f t  on the 
ceramic wafer which was bonded t o  the  s t r e s s  beam. The 3 m i l  aluminum 
emitter w i r e  was very b r i t t l e  and f requent ly  broke. The RBB increased 
upon removal of the ceramic wafer and upon epoxy-cementing t o  the beam, 
a s  shovn i n  Table XVIII. 
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TABLE X V I  
CHANGE OF UJT OSCILLATO 
. -55Oc , 3.125OC R1 
C i r c u i t  I 
2N490-1 
2N16 7 1 - 1 
Circu i t  I1 
2N490-1 
2N490-2’ 
2N 16 7 1 - 1 
2N1671-1 
2N3980-1 
2N3980-2 
D5K1-1 
D5Kl-2 
7204-F ina 1 
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62.3K 312 
53.4 160 
56 :9 500 
59.3 320 - 
51.6 250 
75.3 129 
25.6 118 
33 121 
45.3 100 
46.7 100 
4-14 -4.9 
5 .O -2 .o 
7.5 -2.9 
8.5 -3.5 
2.5 -1.1 
29.4 -4.0 
14.3 X 
11.7 X 
-2.9 . 3.2.1 
-2.25 4-1.8 
111 
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Figure 5 6 .  Test  C i r c u i t  for Intrinsic Standoff 
Ratio ('I\) 
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2N49011 
2x490-2 
2N1671-1 
2N1671-2 
2N3980-1 
2N3980.-2 
2N2646 
D5K1-1 
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TABLE XWII 
INTERBASE RESLSTAXCE CHANGES DURING tlOUNTING 
. In Can Outside On Beam 
2N16 7 1 - 1 
2N490-2 
D5K1-1 
D5K1-2 
- (SB in m 
7.2 7.2 7.7 
5.1 5.2. 5.5 - 
8.6 * -  8.6 8.6 
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For t h e  2N1672-1 operated i n  C i r c u i t  11 with R = 52.3 kilohms, 1 
= 240 ohms, R3 = 27 ohms, C = 0.001 pF, and V = 20V t h e  frequency 
change f o r  800 micros t r a in  was -2.84 percent f o r  tension ,and +3.76 . 
percent f o r  compression from t h e  cen te r  of 20 kHz. These correspond 
t o  gage f a c t o r s  of 35.5 and 47, r e spec t ive ly .  
i n  the  two d i f f e r e n t  o r i e n t a t i o n s ,  a l s o  i n  C i r c u i t  11 with -lOV applied,  
showed hf of $0.02 percent  f o r  tens ion  and -0.03 percent f o r  compires- 
s i o n  a t  500 mic ros t r a in ,  corresponding t o  gage f a c t o r s  of 0.3 and 0.4, 
r e spec t ive ly .  
R2 
The D5K1 u n i t s  s t r e s s e d  
. -  
The e f f e c t  of  stress on T and RBB was measured f o r  the  2N1671; 800 
micros t r a in  tens ion  increased 7 by 19 percent. and sB by 34 percent,  
while compression decreased 
However, t h i s  UJT exh ib i t ed  l a rge  d r i f t  of t he  zero stress ?) from 0.64 
by 14.5 percent and %B by 5.4 percent.  
RBB t o  0.81 and f r o m  11.8k t o  16.3k. 
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Figure 57. Mounted Unijunetion Transistors on Ceramic Wafers, 
Planar Zener Diodes and Junction-Isolated Strain 
Gages 
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* SECTION 3 
STRESSED JUXCT ION SENSOR APPLICATION 
TO A LOW PRESSLIRE TRANSDUCER 
Section 1 disciosed. that in most basic research the stress was either 
hydrostatic or uniaxial , while for practical application stressed 
junction sensors used point stress. The effect of stress applied by 
bending a beam or a disphragm had not been strrdied in detail. While 
point stress can be applied to most junction devices without special 
design or even removal of the chip from its header, beam stress requires 
extremely thin, unmounted chips' (or their removal from the transistor 
can). 
orientation. 
designed and fabricated for optimum results. 
Bending stress (like uniaxial) gains from a preferred crystal 
~ - -.. 
Thus, in general, special junction devices should be 
In this study only the junction isolated strain gages were designed 
for beam application. 
availability. 
The selection of other devices was dictated by 
Their design was not optimtm and their characteristics 
were frequently altered by the removal and mounting operation - .._. 
The application of stressed junction sensors to pressure tranqducers 
thus suffered from a lack of sufficient basic measurements and from 
lack of availability af special, not to say, optimized design. 
From the sensors studied in this program, only the Si ztrein gage 
junction had a gage factor between several and several thousand (about 
a decade higher than resistive gages). 
interest because of their extreme temperature stability. The unijunc- 
tion transistor was of interest because of i t s  frequency modulated out- 
put and relative simplicity of design, More complex structures, like 
The Zener diodes were of 
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the four-layer switches, N O S ,  and FET, as well as integrated circuit 
devices, offer promise for future applications. However, considerably 
more basic understanding of the simpler sensors is needed before they 
can be optimized for bent beam stress application. 
3.1 STRAIN GAGE JUNCTION SENSOR 
3.1.1 SEIXCTION OF I.IATCHED UNITS 
From the devices described in Subsection 2.1, two series of the lowest 
voltage units marked in Table V I 1  were selected for-temperature-coeffi- - - . - .... 
cient matching, 
at 0, j’5,- and 180°F. 
used to select four matching units of the 28V series. Most of the 38V 
units were unstable at 50 FA or higher. . The V-T curves for the four 
units are given in Figs, 58a and 58b. The temperature characteristic 
would be different upon mounting, and the stability should improve. 
With three leads attached, 11 mounted units were tested 
The I - V  characteristics from 5 to 125 PA were . --  
, I  
The standard 17-7 beam for the 0.75,in. diameter pressure transducer 
usually takes four strain gages for the bridge configuration. In this 
case, four gages were used to give redundancy and to allow for better 
matching. 
3.1.2 CIRCUIT DESIGN 
The resistive strain gage usually operates in a bridge configuration 
giving an analog output. The isolating junction is used to increase 
the resistance of the gage element’by making it very thin, 
it is a few hundred ohms. The diode junction sensor resistance is a 
few megohms in the reverse breakdown region, though it is a function 
of the operating point (I or V). 
resistance dV/dI which range from 1K to 10R. 
Typically, 
There are regions of constant dynamic 
. -  
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, Since it is more 'difficult to match.characteristics of,the junctions 
only the differential (two sensor) circuits were considered rather 
than bridge (four sen 
For analog output, the simple circuit with a 709 operational amplifier 
was considered, as shown in Fig. 5 9 .  This circuit lends itself to 
integrated circuit manufacture. 
added-to the 709 chip. 
on them is in opposite directions rather than in the same direction 
All resistors and capacitors can be 
Only the R5 and R6 are arranged so that stress 
a s  with the other components. 
For a frequency modulated (quasi-digital) output, the multivibrator 
circuit of Fig. 60 can be used; this again is suitable for integrated 
circuit techniques. 
of power and are suitable for remote wireless readout. 
The multivibrator oscillators require a minimum 
These circuits are suitable for the integration of the junction-isolated 
strain gage into the amplifier circuit. 
stressed junction itself. 
They would not make use of the 
To utilize stressed junction effect and to maintain the high gage factor 
in-constant voltage operation it is clear from Section 2 that this 
voltage must be shifted with temperature. In the simplest arrangement 
one strain gage can be used as a voltage reference which shifts with 
temperature so as to supply the proper voltage to the other. This 
only occurs when the currents in both diodes are the same, and this 
does not correspond to good regulation. Using two operational ampli- 
fiers one can supply the extra current for a proper match. Use of 
the aiiplifiers allows the operation of the output diode in a constant 
voltage mode or with a load line chosen for maximum gage factor. 
should occur when the slope of the load line starts to approach the 
slope 9f the I-V curve which corresponds to a negative load impedance 
(amplifier with positive feedback) 
This 
7 204-F ina 1 
Part I11 
121 
tt 
7 204-F i n a l  
Part I11 
0 
1.2 2 
N 
I 
v) rl 
UJ E h 
0 
4 
. u- 
4 
N 0 
I k 
.I4 u 
v) 3 
.d a 
U 
(d 
k 
M 
01 
U 
E 
H 
I 
0 
v) 
7204-Final 
Part I11 
l N 3 3 8 3 d  
123 
0 
0 
c 
v) 
h 
U 
U 
3 
0 
a 
9) 
0 
aJ 
rl 
3 a 
2 
5! 
The actual circuit as shown in Fig. 61 with values shown in Table XIX, 
was designed for good temperature stability. The diode strain gages A 
and B are supplied by constant current sources Q and Q,. The voltage 1 
appearing on A is impressed on B through the low input impedance ampli- 
fier. This voltage changes with temperature. The 726's are dual 
transistors with internal thermal control, The first stage is a dif- 
ferential voltage amplifier, the second a current amplifier. The 
single-ended 709's complete the high gain differential amplifier with 
feedback through Rll and R12" 
is high and the diodes are in constant current (rather than constant 
voltage) operation. The last 709 just turns the differential output 
into a single-ended oneo The bandwidth of the circuit is limited by 
Without the feedback, the input impedance 
filters to a few hundred cycles. 
3.1.3 PRESSW?' AND TEMPERATURE SENSITIVITY TESTS 
Two SP2C units, Nos, 3 and 4, were set at 40.43 and 38,05 PA, respec- 
tively, to achieve a balanced output at 75'F. Pressure was applied to 
the transducer by the Floating Ball Dead Weight Tester shown in 
Fig. 62, The output curves in Fig. 63 show that the current level 
chosen from the characteristics of unmounted gages was not resulting 
in.a matched condition after mounting. The curves showed, possibly- 
due to beam-diaphragm contact, some nonlinearity and large changes of 
both zero and sensitivity with temperature (Fig. 64). An oscilloscope 
trace of the output, Fig. 65, disclosed two kinds of noise: a small 
(few millivolt) slow fluctuation and larger (150 millivolt), extremely 
fast spikes occurring at about 600 Hz. Previously, some of the I-V 
traces were observed to be noisy. The traces of present units, Fig. 66, 
disclosed noise in the high slope (high gage factor) region below 30 
to 35 PA. In some other gages the region above this current was not 
sensitive to strain, Just a slight reduction of current to about 35 PA 
nearly doubled the sensitivity and increased the linearity, as seen in 
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Figure 61b. Constant Voltage Bias and Amplifier Circuit for Matched 
Zener Diodes 
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TAB= XIX 
COMPONENT VALUES FOR AMPLIFIER CIRCUIT OF FIG; 61 
10 kn 
loon Pot 
R1 
R3 
R5 
R2 10k Pot 
R4 10k Pot 
lOOk 
10k Pot R6 . 
lOOk 
200k 
200k 
62k 
1.2M 
R12 1 . 2 M  
R13 . 
R7 
R9 
R 1 O  
R 1 l  
R8 
. .  
300k . 
243k 
243k 
3k 
62k 
R14 
R15 
R16 
R17 
R18 
R20 
R21 
R22 
R23 
R24 
R25 
R26 
R27 
R28 l k  Pot 
R29 
5.6k 
1.2k 
R30 1.5k 
R 3 1  1.5k 
R32 5.6k 
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.lk Pot 
1.2k 
10k 
lk Pot 
1 0.k 
95k 
lOOk 
lOOk 
.* ” R33 
R34 
R35 
R37 
R39 
R3 6 
’3 8 
R40 
lOOk 
1.5k 
- R41 _. 
R42 
120K 
120k 
’ R43 
R44 * 
0.0047 CtF 
200 pF 
0.0047 C1F 
200 pF 
c2 . 
c3 
c4 
c5 
c7 
‘ 6  
- 0.0047 CtF 
200 pF ‘ 8  
Q, & Q, 2N3955 
2N930 (CDQ16111) 
1N825 
1N825 
Q3 
1d1 
D2 
Vi- +15V dc 
v- -15V dc 
vD 
A & B  June t ion sensors 
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Figure 62. Floating Ball Dead Weight Tester 
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Fig. 63. Most previous measurements of strain 
istics were performed with high sensitivity dc 
gage junction character- 
meters which did not 
disclose the noise presence except for the slow drift. 
experiment it is clear that the selection of the junction device must 
include consideration of noise. 
From the present 
3.2 PRESSURE TRANSDUCER USING BALANCED TC ZEhTR DIODES 
/ 
From the data in Table XIV, two pairs of diodes were selected for the 
best match of temperature coefficient and Zener voltage. Each already 
had a 1/4 percent arsenic doped 0.002 in. diameter gold wire contact 
alloyed to the base and a 0.001 in. diameter gold wire attached to the 
center n-region with a nail head bonder. 
the transducer beam with 6203 epoxy cured at 250°F. 
x 50 x 15 mils, compared to a standard of 250 x 25 x 10 mils, as shown 
in’Fig. 67. 
Four chips were bonded to 
The beam was 250 
. .  
The standard beam is designed for a 1 psi gage with 0.75 in. diameter 
diaphragm to give 350 PLE: at full scale deflection of 0.7 mils. The 
stop allows a 2 mil deflection corresponding to 1000 PC. Two diode 
pairs were used to provide redundancy for improved match or possible 
fa5lure. 
. . - - . . -. . 
The I-V curves were matched within a few millivolts in 6.74V fo r  the 
mounted pairs between 40 and 100 PA. 
At constant current in this range the pair unde? higher stress gave 
1.4 mV output for 4 psi when the stop was reached; this corresponds 
t o  a maximumvoltage gage factor of about 0.1. The output was so 
small that linearity and zero stability were obscured by noise. 
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Figure 67 .  Zener Diode Pressure Transducer (on right) With Nonstandard 
Beam as Compared with UJT ( l e f t )  and S i  Strain Gage (center) 
with Standard Beams 
7 204 -F i ~ l  
Part 111 
133 
‘Ml6826 
With the constant current supply circuit and with an amplifier gain 
of about 100, the output was 140 mV/4 psi. Since the constant volt- 
age operation circuit was not available at first and the SP2C diode 
appeared more stable (less noise) and more sensitive, the TCZD trans- 
ducer was not operated in the more sensitive mode, 
The Zener diode with the proper orientation should have nearly the 
same sensitivity as the diffused strain gage, The 5.5V Zener diode 
should have a much smaller temperature coefficient and would be the 
simplest stressed junction sensor. 
The temperature compensated diode also has a 'lower 'temperature 
coefficient than the junction strain gage by at least a decade. This 
could be improved by selection of a proper expansion coefficient for 
the beam and the zero coefficient operat ion point. 
3.3 FREQUEXCY NODULATED UNTJUXCTION SENSOR PRESSW.  TRANSDUCER 
k 
The 281671 UJT was selected for transducer tests because of its 
temperature stability, and because the most stress measurements were 
available for it. 
Four chips were selected out of the several units removed from the 
ceramic wafers by comparing the sets of emitter characteristics on 
the curve tracer to insure minimum change due to removal. 
matched pairs were selected and moun2ed ori standard 10 x 25 x 250 mil 
transducer beams on opposite sides. 
F i g .  68. 
Nearly 
One of these baama is shown in 
. 
3.3.1 OSCILLATOR CIRCUIT DESIGN 
Basic circuits I and 11, shown in Figs. 54 and 55, were designed for 
first order. temperature stabilization of the frequency without the use 
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Figure 68. Unijunction Sensor Pressure Transducer 
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of temperature coefficients of the resistors and capacitors. If the 
resistance value of the temperature stabilizing resistor is selected 
for the particular UJT, the manufacturer claims 0.25 percent/lOO°C in 
the range of 0 to 100°C. 
the center frequency stability can be improved to 0.05 percent/lOO°C. 
For the wider range of -55 to +12OoC one should achieve *O.l percent 
stability. 
full scale frequency change due to stress should be 5 . 6  percent or a 
frequency gage factor of 56. This is about twice the value observed 
in the first experiments. 
With selection of the temperature coefficients 
To obtain 1.8 percent of full scale zero stability, the 
With optimized technique and selected units it,should be possible to 
achieve temperature stability with a single UJT and selected tempera- 
ture coefficients of the circuit components. This conclusion assumes 
that the stress beam thermal expansion matches that of the transistor 
mount, which may be difficult since the bars are mounted on ceramic 
wafers . 
This careful matching would not be necessary if two UJTs were used in a 
differential arrangement, one in tension and the other in compression. 
- . .  
. 
- . _  
_. - 
The effects of temperature on the individual UJT can be eliminated by 
using a pulse duration modulation technique and measuring the ratio 
of pulse lengths, A simpler approach is just to take the frequency 
ratio of two UJT's with a pulse counter. 
each UJT with resistor values selected for minimum temperature effect, 
as shown in Fig. 69. 
Circuit I1 was used with 
3 3.2 TRANSDUCER PERFORMAKCE TESTS 
The frequency variation with pressure, shown in Fig. 70, was lower 
than that expected, which for the best unit corresponds to a gage 
factor of about 14. One of each pair of units showed an irregular 
change, suggesting mechanical or electrical imperfections in fabrication. 
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Figure 69. UJT Osc i l l a to r  C i r c u i t  
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There wasnot t in ie  t o  p e r f e c t  t h e  mounting technique and t o  i n s t a l l  
good U J T ' s .  Note t h e  l i n e a r i t y  of t h e  bes t  un i t , .  I I A .  
beam contac t  and p r e s s u r e  diaphragm, u n i t  I I B  was l i n e a r ,  a s  can be 
seen i n  Fig.  71, 
are given i n  Figs.  72 and 73. It would be compensated by a matched 
UJT i n  t h e  d i f f e r e n t i a l  arrangement vhich could not opera te  i n  t h i s  
case. 
With improved 
The zero  s h i f t  and s e n s i t i v i t y  of t h e  s i n g l e  UJT I I B  
3.3.3 INTRINSIC STAND-OFF AND INTEREASE RESISTANCE MEASUREMENTS . 
To determine which parameters are a f f e c t e d  by stress, t h e  ? and RBB 
v a l u e s  of t h e  UJT i n  compression were measured and are shown i n  Table 
XX. The relative' change i n  frequency i s  nea r ly  twice t h a t  of R 
The las t  column shows t h a t  the ?! computed from t h e  approximate formula 
f o r  frequency does not p r e d i c t  t h e  e f f e c t  of stress. 
and 1. BB 
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T A B U  XX 
PRESSURE VS AND RBB FOR UNIJUNCTION "B", BEAM I1 
p s i  
Zero 
1 
2 
3 
4 
5 
6 
. ---',.I. - - -  - . -.. - *+v = 15V 
C = .  0.001 Ufd 
R5 = 67.9k 
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Figure 71. Frequency versus  Pressure for 'Uni junc t ion  B, 
Beam 11 
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